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In the Earth’s crust, rock fractures play important roles on fluid flow and heat/mass 
transfer with fluid, since fractures usually have much greater permeability than the matrix 
permeability. An accurate understanding of the flow and transport characteristics through rock 
fracture networks is of critical importance in many engineering and scientific applications, and 
will help us to propose a solution to current energy and environmental problems or natural 
disaster prevention. With respect to a single rock fracture, it is widely acceptable that the 
aperture distribution is heterogeneous and fluid flow within it is characterized by formation of 
preferential flow paths (i.e. channeling flow). Considering this fact, to capture the reality of the 
fluid flow within a fracture network, it is desirable to explicitly consider the formation of three 
dimensional (3-D) preferential flow paths within a fracture network (i.e., 3-D channeling flow). 
However, to date there is no practical modeling method that precisely represents the 3-D 
channeling flow. Additionally, a prediction of channeling flow through subsurface rock 
fractures beyond laboratory scale is also a remained issue. Objectives of this study are 
developing a novel method to analyze and predict channeling flow in actual fractured reservoirs 
and clarifying the characteristics and impacts of the 3-D channeling flow. In this study, both 
experimental and numerical approaches are taken to achieve the objective. 
In Chapter Ⅱ, a fluid flow experiment on a cylindrical granite sample containing two 
intersecting fractures are conducted. At constant confining pressure, water is supplied to the 
sample via a single inlet port, and the effluent is collected using four isolated outlet ports. The 
flow rate varies widely among these ports, which demonstrates that the 3-D channeling flow 
must be considered to interpret fluid flow even in the simplest fracture network. To simulate 
3-D channeling flow within rock fracture networks, a novel discrete fracture network (DFN) 
model simulator, GeoFlow, is developed, where rock fractures are modeled by pairs of rough 
fracture surfaces having heterogeneous aperture distributions. A fluid flow simulation is 
conducted with GeoFlow, where aperture distributions within the two fractures are determined 
by using fracture surface topography data. Despite the simplicity of the simulation, GeoFlow 
revealed a 3-D channeling flow within the sample and successfully reproduced the experimental 
result. Thus, the significant potential of GeoFlow to predict 3-D channeling flow in a fracture 
 iv 
network is revealed 
In Chapter Ⅲ, for granite fractures of various scales (0.05 m × 0.075 m, 0.1 m × 0.15 m, 
0.2 m × 0.3 m), the fracture aperture distribution under confining stress (10, 20, and 30 MPa) 
and the fluid flow through the aperture distributions are determined using data of the fracture 
surface topography and measured fracture permeability. Subsequently, the scale dependencies of 
the aperture distribution and the resulting fluid flow characteristics for rock fractures are 
evaluated under the confining stress. As a significant result, it is revealed that the contact area in 
the fracture plane is independent of scale. The scale-independent contact areas of fractures with 
and without a shear displacement are approximately 40% and 60%, respectively. By combining 
this characteristic with the fractural nature of the fracture surface, a method for predicting 
fracture aperture distributions beyond laboratory scale is developed. In this method, the aperture 
distribution of a fracture of any size can be predicted by simply placing the two fractal fracture 
surfaces in contact so that the fracture has the scale-independent contact area. The validity of 
the proposed method was revealed through the reproduction of the results in a laboratory 
investigation and the maximum aperture-fracture length relations, which have been reported in 
the literature, for natural fractures (i.e., joints and faults).  
In Chapter Ⅳ, aperture distributions and fluid flows are numerically determined for rock 
fractures with various combination of fracture scale and shear displacement by using the 
prediction method of fracture aperture distributions beyond laboratory scale, which is developed 
in Chapter Ⅲ. Through evaluating the aperture distributions and fluid flows, fluid flow 
characteristics of subsurface rock fractures under confining stress (up to ~ 100 MPa) are 
revealed as followings; flow area within a fracture plane is limited to 5-25% regardless of 
fracture scale (m), l, or shear displacement (m), δ, since preferential flow paths are consistently 
formed within subsurface rock fractures (i.e. channeling flow). This fact also indicates that the 
noncontact area with stagnant fluid within rock fractures is approximately 33-53%. Furthermore, 
mean aperture (mm), em, and permeability (m
2
), k, of rock fractures are respectively formulated 
as 
60.066.0 )()1042.1( LLemean   and 
21.143.16 )()1066.2( LLk   , which can 
reproduce the mean apertures and permeabilities of real fractures. Owing to these universal 
modeling, we can now create realistic discrete fracture network models of a fractured reservoir 
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for GeoFlow simulation. Additionally, these results are also expected to be fundamentals to 
reach a new insight for permeability evolutions of rock fractures (natural faults) caused by 
earthquakes.  
In Chapter Ⅴ, realistic DFN models, where heterogeneous aperture distributions are 
given for individual fractures depending on their scale and shear displacement under confining 
stress, are created for an actual fracture reservoir (i.e. the Yufutsu oil/gas field) and fluid flows 
in the reservoir are simulated. Through a series of the fluid flow simulations, it is revealed that 
the reality of fluid flow within a fractured reservoir is 3-D channeling flow, which should be 
considered for predicting the optimum well locations for a fractured reservoir. Specifically, 
three order of magnitude difference in the productivities between the neighboring two wells, 
which is indeed observed in the Yufutsu field, is reproduced successfully for the first time by 
considering the occurrence of the 3-D channeling flow. Specifically, the impact of 3-D 
channeling flow is expected to be significant in the domain where the degree of fracture 
connectivity is relatively limited. Moreover, there are some concerns that we will come to the 
wrong conclusions for development or utilization of a fractured reservoir, if the occurrence of 
3-D channeling flow within the reservoirs is ignored. As long as highly-reliable discrete fracture 
networks are created for a fracture reservoir on the basis of 3-D seismic data, crustal stress data, 
and so on, we can now map the realistic flow path distribution (i.e. 3-D channeling flow) with 
GeoFlow.  
As described above, a novel method to analyze and predict 3-D channeling flow in actual 
fractured reservoirs is established for the first time. Owing to the novel method, our 
understandings of fluid flow characteristics (i.e. 3-D channeling flow characteristics) in 
fractured reservoirs are significantly promoted. Considering the practicality of our suggested 
method, it is desirable that the method will be applied to fractured reservoirs of various fields 
hereafter. If such results are accumulated, our understandings for the reality of fluid flow in 
subsurface rock fracture networks are further advanced. In the future, it is also desirable that the 
following relationships are clarified; (1) 3-D channeling flow and heat extraction, (2) 3-D 
channeling flow and multi-phase flow and transport process, and (3) 3-D channeling flow and 
mechanisms of induced seismicity in fractured reservoirs. 
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In the Earth’s crust, rock fractures play important roles on fluid flow and heat/mass 
transfer with fluid, since fractures usually have much greater permeability than the matrix 
permeability [Durham, 1994; Watanabe et al., 2008, 2009]. An accurate understanding of the 
flow and transport characteristics through rock fracture networks is of critical importance in 
many engineering and scientific applications, and will help us to propose a solution to current 
energy and environmental problems or natural disaster prevention.  
In the volcanic countries, which include our country, Japan, geothermal resource is one of 
the most promising renewable energies, and expected to be efficiently utilized rather than the 
atomic power generation. The significant advantage in geothermal resource utilization is that the 
emission of greenhouse gases associated with power generation is quite low. Specifically, the 
EGS (engineered geothermal system or enhanced geothermal system), where artificial fractures 
are created by hydraulic fracturing underground, has been studied over the years, and 
demonstration experiments for the EGS have been performed in several countries (Cooper 
Basin in Australia, Soultz in France, Ogachi and Hijiroi in Japan, and so on) [Abe et al., 1999a, 
1999b; Niitsuma et al., 1999]. Additionally, a new concept of EGS in ductile formation zone is 
recently proposed. To demonstrate the feasibility of the development of EGS in ductile zone, 
Japan beyond-brittle project (JBBP) is launched [Asanuma et al., 2012]. In development of 
these EGSs, rock fractures work as heat exchangers and pathways of geothermal fluids, and the 
conceptual diagram of the EGS is shown in Figure 1-1 [Huang, 2012]. So, one of the keys to 
lead the EGS project toward success is to understand fluid flow through rock fracture networks 
precisely.  
The same is equally true of the development for fractured reservoirs of hydrocarbon. 
Fractured reservoirs of hydrocarbon have been recognized as well as the porous reservoirs for a 
long time, and it is estimated that more than 60% of the world’s hydrocarbon reservoirs are 
fractured reservoir. Since the evaluation techniques of subsurface rock fractures have not been 
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established, the development of the fractured reservoirs is considered to be significantly difficult. 
However, the fracture evaluation techniques have also been accumulated in the non-petro 
sectors such as geothermal or geological disposal, and the potential of these techniques for the 
development of the fractured reservoirs has been revealed. For instance, commercial 
productions of hydrocarbon from fractured reservoirs are successfully achieved at the Rang 
Dong field (Vietnam) and the Yufutsu field (Japan) [Agatsuma et al., 1996; Isoe and Onobe, 
2001; Matsuura et al., 2003; Shiomoto et al., 2006]. 
In contrast, when we assess the long-term safety of CCS (Carbon Dioxide Capture and 
Storage) or geological disposal of the high-level radioactive waste, which are the essential 
technologies to be established for sustainable growth of the next generations, the flow and 
transport characteristics through rock fracture networks are still necessary to be understood 
precisely. This is because possible leakages of the carbon dioxide or the nuclear waste to the 
biosphere are considered through the fracture networks within the rock masses with low 
permeability [Cvetkovic et al., 2004; Cvetkovic and Frampton, 2010; Iding and Ringrose, 2010].  
Furthermore, fluid flow and mass/heat transport through rock fracture networks are also 
the key phenomenon in revealing the geophysical phenomenon, such as the earthquake 
mechanisms or the role of fluid during volcanic explosion [Caine et al., 1996; Curewitz and 
Karson, 1997; Ito et al., 2007; Nakaya and Nakamura, 2007]. For instance, Figure 1-2 shows 
conceptual illustration of the asperity model for downdip portion of the subduction zone. This 
area can be considered as a kind of fracture, where water can exist at non-asperities parts. 
Heterogeneous distribution of water at the subduction zone is essential in modeling the 
time-dependent destruction of asperities parts and the resulting earthquake generation processes.  
Thus, the significant importance of clarifying the flow and transport characteristics 
through rock fracture networks is demonstrated. Although a numerical modeling is one of the 
most powerful ways to reveal these characteristics, to date there is no practical modeling 
method that precisely represents the reality of the fluid flow through rock fracture networks. For 
instance, three orders of magnitude difference in well productivity, which is observed in a 
fractured reservoir (i.e. the Yufutsu oil/gas field), has never been reproduced in the previous 
modeling, which implicates that further efforts of modifying the modeling for fluid flow 
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through rock fracture networks are required.  
 
 





Figure 1-2. Schematic illustration of the seismic source distribution at downdip portion of the 
subduction zone (modified after Ito et al. (2007)). 
 
1.2. Previous studies 
In analyzing fluid flow and heat/mass transfer with fluid through rock fracture networks, 
numerical methods are more practical and effective than experimental methods, because it is 
difficult to conduct experiments using a multiple-fracture sample. With respect to numerical 
methods, modeling approaches for a fractured rock have traditionally been divided into two 
rough classes: continuum models and discrete fracture network (DFN) models [Long et al., 
1982; Vesselinov et al., 2001; Berkowitz, 2002; Ando et al., 2003; Neuman, 2005 Illman et al., 
2009; Frampton and Cvetkovic. 2010]. Furthermore, each class can be formulated in 
deterministic and stochastic frameworks. One example of continuum model is shown in Figure 
1-3a, whereas that of DFN model is shown in Figure 1-3b. Continuum models are applied 
mainly for the prediction of fluid flow behavior averaged over a large domain. Single values of 
hydraulic parameters are defined at each point throughout the domain of interest in deterministic 
continuum models, while the interior bulk flow and transport properties of dominant fractured 
rock features, and remaining rock mass, are represented as separate correlated random function 
of space in stochastic continuum models. On the other hand, DFN models are best treated in a 
stochastic framework by considering Monte Carlo analyses based on multiple realizations of a 
fractured system, because complete field data for deterministic models are usually difficult to 
obtain. DFN models can naturally incorporate geometrical properties in fractures (fracture size, 
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aperture, location, orientation, and density), and as a result can account explicitly for the 
contribution of individual fractures on fluid flow, which cannot be considered properly in 
continuum models.  
 
 
Figure 1-3. Schematic illustration of modeling approaches for a fractured rock with (a) 
continuum model and (b) three dimensional discrete fracture network (DFN) model (modified 
after Illman et al. (2009) and Frampton and Cvetkovic (2010)). 
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In the conventional DFN models, individual fractures are represented by pairs of parallel 
smooth plates having single aperture value [Jing et al., 2000; Min et al., 2004; Klimczak et al., 
2010; Dreuzy et al., 2013]. However, fractures have heterogeneous aperture distributions 
because the apertures are formed by pairs of rough surfaces that are in partial contact with each 
other. Such a heterogeneous aperture distribution of rock fracture is precisely visualized using 
X-ray CT at atmospheric pressure or under confining stress [Watanabe et al., 2011a, 2011b, and 
2012]. Consequently, fluid flows through rock fractures are characterized by the formation of 
preferential flow paths (i.e., channeling flow) [Brown, 1987b and 1989; Pyrak-Nolte et al., 
1988; Brown et al., 1995; Brown et al., 1998; Sausse, 2002; Watanabe et al., 2008; Nemoto et 
al., 2009; Talon et al., 2010]. The reality of fluid flow within a subsurface rock fracture is 
shown in Figure 1-4, where the fluid flow along the preferential flow path is explicitly 
visualized. The occurrence of channeling flows within fractures was examined through field 
investigations at the Stripe mine in Sweden [Abelin et al., 1985; Tsang and Neretnieks, 1998]. 
Moreover, evidence of a channeling flow can be easily found through field observation as a 
discrete outflow of groundwater from a continuous fracture (Figure 1-5). Therefore, in the next 
generation of fracture network model simulator, for better understanding of fluid flow and 
transport phenomena, explicit consideration of the formation of 3-D preferential flow paths (i.e., 
3-D channeling flow) in fracture networks is desirable. To achieve these purposes, rock 
fractures should be modeled by pairs of rough fracture surfaces having heterogeneous aperture 




Figure 1-4. Schematic illustration of the reality of fluid flow within a subsurface rock fracture. 
Preferential flow paths are formed within a heterogeneous aperture distribution of rock fracture 
(modified after Watanabe et al. (2009)). 
 
 
Figure 1-5. Channeling flow seen as discrete outflow of ground water from a continuous 
fracture at the Tatsunokuchi gorge in Sendai City, Japan. 
 
For the fracture aperture distribution and resulting fluid flow characteristics, such as the 
permeability and flow paths, these parameters are known to be constrained by fracture surface 
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topography, shear displacement, and confining stress [Tsang and Witherspoon, 1981; Durham 
and Bonner, 1994; Durham, 1997; Yeo et al., 1998; Esaki et al., 1999; Chen et al., 2000; 
Plouraboué et al., 2000; Pyrak-Nolte and Morris, 2000; Auradou et al., 2005 and 2006; 
Koyama et al., 2008; Walsh et al., 2008; Watanabe et al., 2008 and 2009]. Furthermore, these 
characteristics are known to vary with time as a result of mechanical and chemical influences, 
such as the pressure solution at contacting asperities or dissolution at noncontacting asperities 
[Durham et al., 2001; Yasuhara et al., 2006; Ishibashi et al., 2013; Elkhoury et al., 2013]. On 
the other hand, it remains unclear how the fracture aperture distribution and resulting fluid flow 
characteristics are constrained by the fracture scale. Considering that an actual fractured 
reservoir is constructed by a number of fractures with various scales, such findings are critically 
important in simulating fluid flow within an actual fractured reservoir.  
Based on the fluid flow experiments and field investigations, Witherspoon et al. (1979) and 
Raven and Gale (1985) reported that the scale of the rock fracture influences on its permeability 
for the first time, although their results are inconsistent. Matsuki et al. (2006), on this, suggested 
that experimentally determining the scale dependency for the permeability of a fracture is 
difficult because individual samples have unique aperture layouts. Therefore, they investigated 
the scale dependencies in the aperture and the permeability of fractures both with and without 
shear displacement using numerically created fractures. Their results have significant 
advantages in that their investigations were systematic. However, the effect of confining stress 
on the fracture flow characteristics is not strictly introduced in their evaluation because they 
assumed constant mean apertures. Furthermore, they never compared the aperture and the 
permeability with those for actual rock fractures. Thus, predicting the flow characteristics of 
rock fractures remains difficult, and a novel predicting method of channeling flow 
through subsurface rock fractures beyond laboratory scale is desirable to be developed. 
 
1.3. Objectives and thesis structure 
Objectives of this study are developing a novel method to analyze and predict three 
dimensional (3-D) channeling flow in actual fractured reservoirs and clarifying the 
characteristics and impacts of the 3-D channeling flow. In this study, both experimental and 
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numerical approaches are taken to achieve the objective. 
“GeoFlow: A novel model simulator for prediction of the three dimensional channeling 
flow in a rock fracture network” is presented in Chapter Ⅱ. A novel DFN model simulator for 
analyzing 3-D channeling flow within rock fracture networks is developed. This simulator is 
subsequently applied to analyze fluid flow through a cylindrical granite sample containing two 
intersecting fractures, and it is clarified that the 3-D channeling flow is necessary to be 
considered in laboratory-scale.  
“Beyond-laboratory-scale prediction for channeling flows through subsurface rock” is 
presented in Chapter Ⅲ. On the basis of laboratory investigations, insight into the scale 
dependencies of the aperture distribution and the resulting fluid flow characteristics for rock 
fractures under confining stress is obtained. Based on the investigations, a novel method to 
predict fracture aperture distributions beyond the laboratory scale is developed.  
“Universal modeling of fluid flow characteristics through subsurface rock fractures” is 
presented in Chapter Ⅳ. Using the developed method to predict fracture aperture distributions 
beyond laboratory scale, aperture distributions and fluid flows are numerically determined for 
the subsurface rock fractures with various combinations of fracture scale and shear 
displacement. Through evaluating the aperture distributions and fluid flows, fluid flow 
characteristics of the rock fractures are revealed for a wide range of conditions for fracture scale, 
shear displacement, and confining stress. 
“Modeling of three dimensional channeling flow in a fractured reservoir with GeoFlow” is 
presented in Chapter Ⅴ. Realistic DFN models, where heterogeneous aperture distributions are 
given for individual fractures depending on their scale and shear displacement under confining 
stress, are created for an actual fractured reservoir. By simulating fluid flows within the 
reservoir with GeoFlow, the characteristics and impact of 3-D channeling flow in fractured 
reservoirs are revealed.  





GeoFlow: A novel model simulator for prediction of the three dimensional channeling flow 
in a rock fracture network 
 
2.1. Introduction 
As described in Chapter Ⅰ, in the Earth’s crust, rock fractures are recognized as the 
predominant pathways of resources and hazardous materials, such as groundwater, 
hydrocarbons, geothermal fluids, and the high-level nuclear wastes. This is because rock 
fractures usually have much greater permeability than the matrix permeability [Watanabe et al., 
2009]. According to the previous studies, a fluid flow within a fracture network is generally 
characterized by formation of three dimensional preferential flow paths (i.e. 3-D channeling 
flow) [Abelin et al., 1985; Tsang and Neretnieks, 1998; Johnson et al., 2006]. Therefore, 
occurrence of 3-D channeling flow should be addressed in evaluating fluid flow characteristics 
for fracture networks. However, to date there are no practical simulators which can explicitly 
consider the formation of the 3-D preferential flow paths within fracture networks. 
In order to consider the formation of the 3-D preferential flow paths within fracture 
networks, GeoFlow, a novel discrete fracture network (DFN) model simulator, is developed. In 
this simulator, rock fractures are modeled by pairs of rough fracture surfaces having 
heterogeneous aperture distributions, rather than pairs of parallels smooth plates with unique 
apertures. Although numerical methods for a 3-D fluid flow simulation in a network of fractures 
with aperture distributions have been reported [Morris et al., 1999, Stockman et al., 2001, 
Johnson et al., 2006], these methods focus only on fracture flow and so would not be suitable 
for DFN model simulations on natural fractured rocks with non-zero matrix permeabilities. In 
contrast, one novel aspect of GeoFlow is the combination of fractures having aperture 
distributions with a matrix, and this aspect was reached by applying hybrid DFN and continuum 
model. 
In this chapter, we first describe a fluid flow experiment on a cylindrical granite sample 
containing two intersecting fractures to demonstrate that 3-D channeling flow must be 
considered to interpret fluid flow even in the simplest fracture network. A fluid flow simulation 
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of the sample by GeoFlow is then conducted, and the potential of GeoFlow to predict 3-D 
channeling flows in fracture networks is demonstrated. 
 
2.2. Methods 
2.2.1. Multiple-fracture flow experiment 
The fluid flow experiment is conducted using a cylindrical granite sample (diameter: 100 
mm, length: 147 mm) having two intersecting tensile fractures (Fractures A and B) (Figure 2-1). 
A multiple-fracture sample (Figure 2-1a) is prepared as follows. First, two tensile fractures are 
sequentially induced within a cube of Inada granite, quarried in Ibaraki, Japan. The fractured 
granite is then fixed with mortar so that the fractures are mated fractures. The granite is then 
cored and cut to the prescribed dimensions. Before the experiment, the surface topography of 
the entire fracture plane is measured in a 0.25-mm square grid system using the Laser-scanning 
equipment reported in Watanabe et al. [2008] to determine the aperture distributions of 
Fractures A and B in the fluid flow simulation by GeoFlow. 
A custom experimental system (Figure 2-1b) is used to obtain data for comparison with the 
results obtained by GeoFlow. The experimental system is equipped with a water pump, a 
pressure gauge, and a confining pressure vessel similar to that reported by Watanabe et al. 
[2008]. The confining pressure vessel enables the evaluation of uneven outflow from the sample 
at a prescribed confining pressure. Using the water pump, room temperature water is injected 
into the top of the confining pressure vessel through a single inlet port. Water flows through the 
sample and out of the bottom of the confining pressure vessel through five outlet ports (Ports 1 
through 5), which are isolated from each other by a port separator of stainless steel. The port 
separator is attached with a silicone rubber sealant. Note that the sample is hydraulically 
saturated in advance by injecting water from the bottom through Ports 1 through 4, and that Port 
5 is used only to confirm the isolation of the ports. The pressure gauge is used to measure the 
hydraulic pressure at the inlet side (the atmospheric pressure at the outlet side), where the outlet 
tube is placed at the same elevation as the inlet tube to cancel the effect of gravity and maintain 
the saturated condition. 
The present experiment is conducted at a constant confining pressure of 36 MPa and a 
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hydraulic pressure difference of 0.6 MPa (Figure 2-2). The confining pressure resulted in 
normal stresses of 35 MPa and 30 MPa for Fractures A and B, respectively. During the 
experiment, flow rates from the outlet ports (Ports 1 through 4) are measured and analyzed. 
Ports 1 and 2 are assigned to Fracture A, and Ports 3 and 4 are assigned to Fracture B. Based on 
the confirmation of the total flow rate (sum of flow rates from all ports) being proportional to 
the hydraulic pressure difference of ≤ 0.6 MPa for the sample at the given confining pressure, 
although a deviation from linearity occurred at > 0.6 MPa probably due to the fracture opening 
as a result of the higher pore pressure, a GeoFlow fluid flow simulation based on Darcy’s law 




Figure 2-1. (a) Multiple-fracture sample containing two intersecting mated tensile fractures 
(Fractures A and B), and (b) the experimental setup for the evaluation of uneven fluid flow 




Figure 2-2. Relationship between the total flow rate and hydraulic pressure difference for the 
multiple-fracture sample at 36 MPa. The linear curve shows the result of the least squares 
regression at hydraulic pressures of ≤ 0.6 MPa. 
 
 
2.2.2. GeoFlow simulation 
A GeoFlow fluid flow simulation (GeoFlow simulation) involves the following two main 
steps (Figure 2-3). A fracture network is first created in a 3-D matrix by mapping 2-D fractures 
with aperture distributions. The Darcy flow through a matrix element interface is then 
calculated for an equivalent permeability continuum reflecting contributions of both the matrix 
and fracture permeabilities. 
The fracture is a rectangular plane having dimensions of Li × Lj in the i-j coordinate system, 
whereas the matrix is a rectangular parallelepiped space having dimensions of Lx × Ly × Lz in the 
x-y-z coordinate system (Figure 2-3a). The fracture is divided into Ni × Nj elements, where the 
fracture element is a rectangular cell having dimensions of Li/Ni × Lj/Nj, and each cell has an 
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aperture value, a(i, j) (Figure 2-3a). The aperture value of each cell is determined based on the 
results of surface topography measurement in the present study, as described later. However, the 
aperture determination method is not limited to the present method. The fracture is mapped in 
the x-y-z coordinate system by determining the coordinates of the centroid and the direction of a 
specific pair of normal and tangent vectors for the fracture plane. 
The matrix containing fractures is divided into Nx × Ny × Nz elements so that the matrix 
element is a rectangular parallelepiped cell having dimensions of Lx/Nx × Ly/Ny × Lz/Nz (Figure 
2-3b), and a steady-state laminar flow of a viscous, incompressible fluid is calculated for an 
equivalent permeability continuum. In preliminary study, it is empirically confirmed that the 
ratio of the matrix element to the fracture element should be less than two, so that fluid flow 
through a specific fracture simulated by a 2-D Reynolds equation can be reproduced in a 3-D 
GeoFlow simulation with preserving characteristics of the original aperture distribution. For the 
equivalent permeability continuum reflecting contributions of both the matrix and fracture 









































,  (2-1) 
 
where Ax, Ay, and Az are the cross-sectional areas, kx, k y, and k z are the permeabilities, in 
different directions, and μ and P are the viscosity and pressure of the fluid, respectively. In order 
to determine the Darcy flow through the matrix element interface, a finite difference form of Eq. 
(2-1) is solved under given boundary conditions with the incomplete Cholesky-conjugate 
gradient (ICCG) method, in which the use of the product, Aiki (i=x, y, z), represented by the 














 (i = x, y, z),  (2-2) 
 
where wf,n and af,n are the width and aperture, respectively, of the nth fracture element 
intersecting the matrix element interface, and Am and km are the area and permeability, 
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respectively, of the matrix part (Figure 3-3b). As expressed by Eq. (2-2), equivalent 
permeabilities are determined at all matrix element interfaces in GeoFlow simulation (Figure 
2-3b). Fundamental concept of this conversion technique for equivalent permeability was 
previously reported in Jing et al. [2000], and quite different from the concept of Snow [1969] or 
Long et al. [1982] which determines single isotropic equivalent permeabilities for the matrix 
elements. The first term of the right side of Eq. 2-2 is based on the local cubic law assumption 






Figure 2-3. (a) 3-D matrix containing a network of the 2-D fractures with aperture distributions, (b) which is divided into the matrix elements and is 
finally converted into the equivalent permeability continuum, in which the Darcy flow through the element interface is calculated. 
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A fracture network consisting of two fractures, which have aperture distributions of 
Fractures A and B under the given stress conditions, is created in the matrix of 140 mm × 140 
mm × 140 mm by imitating the spatial configuration of fractures in the sample. The aperture 
distributions are determined using the surface topography data for Fractures A and B by closing 
two opposite surfaces so that the total flow rate in the GeoFlow simulation is approximately 
equal to the experimental value. Aperture determination is based on Watanabe et al. [2008], 
where the fracture closure under normal stress is simulated simply by uniform reduction of all 
apertures in conjunction with replacing overlapping asperities (negative apertures) with 
zero-apertures. Ideally, it is desirable to determine the aperture distribution for each fracture 
using the surface topography and permeability data for that fracture. However, the permeability 
of each fracture could not be measured separately in the present experiment. Therefore, the two 




) or hydraulic apertures 
(1.87 m) at the given normal stresses because the difference in the applied normal stress 
between Fractures A and B is small (35 MPa for Fracture A and 30 MPa for Fracture B). Since 
the surface topography is measured in the 0.25-mm square grid system, the fracture element 
have dimensions of 0.25 mm × 0.25 mm. The matrix is divided into matrix elements of 280 × 
280 × 280 so that the dimensions of the matrix element are 0.5 mm× 0.5 mm × 0.5 mm. In 
order to simulate the fluid flow experiment, the unidirectional water flow is analyzed by 
GeoFlow. Matrix permeability, constant viscosity, and hydraulic pressure difference are 






 Pa∙s, and 0.6 MPa. Note that the matrix permeability is 
based on the permeability of Inada granite [Takahashi et al., 1990]. The boundary conditions for 
the analysis are shown in Figure 2-4. 
 
2.3. Results and Discussion 
The fluid flow experiment provides flow rates of 0.13 cm
3
/h for Port 1, 0.38 cm
3
/h for Port 
2, 0.05 cm
3
/h for Port 3, and 0.58 cm
3
/h for Port 4 (total flow rate: 1.14 cm
3
/h). In the 
experiment, Ports 1 and 2 (or Ports 3 and 4) are both assigned to Fracture A (or Fracture B). 
However, the flow rates differ significantly between the two ports. In the case of Fracture A, the 
flow rate for Port 2 is approximately three times greater than that for Port 1. Moreover, in case 
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of Fracture B, the difference in the flow rate exceeds one order of magnitude, indicating a 
considerably uneven flow within the sample. 
Calculating the flow rate ratio as a flow rate for the port over the total flow rate, the flow 
rate ratio is 11% for Port 1, 33% for Port 2, 5% for Port 3, and 51% of Port 4 (see Figure 2-5). 
Surprisingly, considering the total flow rate in the fractured rock sample, the flow rate ratio for 
Port 3 is almost negligible, whereas the flow rate ratio for Port 4, assigned to an identical 
fracture, accounts for approximately half of the total flow rate. This is the most remarkable 
experimental finding. 
The experimental results indicate 3-D channeling flow, which is not predicted by the 
conventional DFN model simulations but should be predicted to clarify fluid migration 
especially in the field of reservoir engineering. Reservoir engineers have encountered a large 
difference in productivity between wells when developing fractured reservoirs. Tamagawa et al. 
[2012] attempted to determine the reason for a three-order-of-magnitude difference in 
productivity between two wells in the Yufutsu oil/gas field in Hokkaido, Japan. However, it was 
not possible to reproduce the large difference in productivity by the conventional DFN model 
simulation, despite a reliable fracture network model based on seismic data, well logging, 
acoustic emission, and stress measurements. Considering the nature of the conventional DFN 
simulation, which ignores the 3-D channeling flow in a fracture network, this may be a logical 
result. In order to address this concern, we first investigate 3-D channeling flow in lab-scaled 
fracture networks, as described herein. 
The GeoFlow simulation clearly exhibits 3-D channeling flow in the equivalent 
permeability continuum of the multiple-fracture sample, which has an equivalent permeability 
distribution generated by the combination of the aperture distributions of Fractures A and B at 
the given stresses with the matrix permeability (Figure 2-4). The average permeability at each 
element in the equivalent permeability continuum is calculated using ki in Eq. (2) of the six 
element interfaces (Ai is the area of those element interfaces), and elements having a 




 are shown in different colors depending on the value (Figure 2-4a). 
Uncolored points are elements whose interfaces have no fracture or small-aperture fracture(s), 




. The gray points indicate the locations of 
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two fractures. Since the topographies of two opposite fracture surfaces are not identical, the 
aperture is not uniform throughout the fracture plane, but rather an aperture distribution and 
corresponding permeability distribution is produced in each fracture plane. The present 
GeoFlow simulation for the equivalent permeability continuum provides a flow rate distribution 
in a unidirectional flow, from top to bottom in the figure. The flow rate at each element is 
normalized by the maximum value for all of the flow rates. Figure 2-4b shows the elements that 
have a normalized flow rate of ≥ 0.001 as different colors depending on the value, while 
remarkable localization of the fluid flow in the fracture network is visualized. Uncolored points 
are elements having flow rates of < 0.001, and gray points show the locations of two fractures. 
Since the fracture part has much higher permeability than the matrix part (Figure 2-4a), only the 
fracture part conducted the fluid flow, and preferential flow paths are formed due to the 
permeability distribution in the fracture network. Even visual observation reveals that the flow 




Figure 2-4. (a) Equivalent permeability continuum model of the multiple-fracture sample at a confining pressure of 36 MPa, as represented by a 
permeability distribution, and (b) the fluid flow model of the sample, as represented by a distribution of flow rate for the unidirectional fluid flow 
from top to bottom (hatched boundaries: constant hydraulic pressure, other boundaries: non-flow), as derived by the GeoFlow simulation. 
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The GeoFlow simulation provides flow rates of 0.07 cm
3
/h for Port 1, 0.05 cm
3
/h for Port 
2, 0.02 cm
3
/h for Port 3, and 0.87 cm
3
/h for Port 4 (total flow rate: 1.01 cm
3
/h). The flow rate 
ratio is 7% for Port 1, 5% for Port 2, 2% for Port 3, and 86% for Port 4 (Figure 2-5). As shown 
in Figure 5, it is possible to reproduce the most remarkable experimental finding that the flow 
rate ratio of Port 4 for Fracture B is dominant, whereas the flow rate ratio of Port 3 for the 
identical fracture is considerably small. However, the numerical results don’t exactly match the 
experimental results. This may have been caused by a difficulty in the aperture determination. 
Since the present method involves dismantling of the sample, the apertures within the sample, 
particularly at the intersection of the fractures, cannot be exactly the same as the real values. A 
more accurate aperture determination would be possible using a method that does not involve 
dismantling the sample, which is beyond the scope of the present study. Therefore, the flow 
paths predicted by the present GeoFlow simulation cannot be exactly the same as the real flow 
paths, and, consequently, the present level of disagreement between the numerical and 
experimental results is reasonable. Nevertheless, despite the simplicity, the most remarkable 
experimental finding can be reproduced, demonstrating that the GeoFlow has significant 
potential to predict 3-D channeling flow in a fracture network. 
As described herein, GeoFlow allows novel techniques for the investigation of fluid flows, 
especially in lab-scaled fracture networks. Based on previously reported aperture distribution 
data, the investigation of fluid flows in various types of fracture network can be conducted 
systematically with no technical difficulty. Moreover, using the aperture distribution determined 
by X-ray CT for naturally fractured core samples [Watanabe et al., 2011] should be effective 
when considering an application of GeoFlow simulation in a specific field. However, the final 
goal in GeoFlow studies is the investigation of fluid flows in field-scale fracture networks. For 
this purpose, the aperture distributions of fractures of various sizes must be predicted from 
information of lab-scale fractures. Moreover, even if the aperture distributions can be predicted, 






Figure 2-5. Comparison of the experimentally observed flow rate ratios for the ports and the 




Since fractures having heterogeneous aperture distributions act as predominant pathways in 
rocks, 3-D channeling flows in fracture networks should be investigated to better understand 
fluid migration. As demonstrated by the present fluid flow experiment, fluid flows in fracture 
networks are characterized by considerably uneven fluid flows, which are cannot be predicted 
by existing model simulators. In contrast to other model simulators, as demonstrated herein, the 
GeoFlow discrete fracture network model simulator has significant potential to predict a 3-D 
channeling flow in a fracture network. GeoFlow will provide a new way to investigate fluid 








In Chapter Ⅱ, based on the fluid flow experiment, it is revealed that the reality of fluid 
flow through rock fracture network is 3-D channeling flow. 3-D channeling flow is necessary to 
be considered in an actual fractured reservoir. To analyze the 3-D channeling flow, a novel 
discrete fracture network (DFN) model simulator, GeoFlow, is developed and its potential is 
revealed.  
In order to model an actual fractured reservoir with DFN, a prediction method of 
heterogeneous aperture distribution and resulting fluid flow of fractures beyond-laboratory-scale 
is necessary to be developed. This is because an actual fractured reservoir is constructed by a 
number of fractures with various scales. However, it is not completely revealed that how the 
fracture aperture distribution and resulting fluid flow characteristics are constrained by the 
fracture scale [Witherspoon et al., 1979; Raven and Gale, 1985; Matsuki et al., 2006], and 
predicting the flow characteristics of rock fractures remains difficult.  
Thus, in this chapter, insight into the scale dependencies of the aperture distribution and 
the resulting fluid flow characteristics for rock fractures is obtained under confining stress on 
the basis of laboratory investigations. A novel method by which to predict fracture aperture 
distributions beyond the laboratory scale is developed on the evaluation in the present chapter. 
This method is verified through the reproduction of the results obtained in the laboratory 
investigation, as well as the maximum aperture-fracture length relations, which have been 
reported in the literature, for natural fractures. Furthermore, conceivable scale dependencies of 
aperture distributions and fluid flow characteristics of subsurface fractures, such as joints and 






3.2.1. Evaluation of fracture aperture distributions and fluid flows on the laboratory scale 
The fracture aperture distribution under confining stress and the fluid flow through the 
aperture distributions are determined using data of the fracture surface topography and 
permeability, as described in the literature [Watanabe et al., 2008 and 2009]. Measurements of 
the fracture surface topography and permeability are, therefore, conducted on single fractures 
for scales of 0.05 m × 0.075 m, 0.1 m × 0.15 m, and 0.2 m × 0.3 m. These fractures are 
contained in cylindrical samples of Inada medium-grained granite (Ibaraki Prefecture, Japan), 
and the diameters and lengths of these samples are equivalent to the short and long side lengths, 
respectively, of the rectangular fractures (Figure 3-1). The fracture is a tensile fracture induced 
by a wedge and has either no shear displacement or a shear displacement of 5 mm in the radial 
direction. The shear displacement is created by the lateral offset of initially well-mated fracture 
surfaces that are created in a cubic granite block and is maintained by fixing the fractured 
granite block with mortar during coring. Since both fractures with and without shear 
displacement are prepared for each fracture scale, the total number of rock samples is six. The 
surface topography is measured for each fracture before measuring the permeability under 
confining stress. Two-dimensional distributions of surface height are measured in a 0.25-mm 
square grid system with a laser profilometer, which has a height resolution of 1 μm and a 
positioning accuracy of 20 μm. The data for surface topographies are used as input data for the 
numerical determination of fracture aperture distributions and the fluid flows within the 




Figure 3-1. Cylindrical granite samples containing single tensile fractures of different sizes 
having either (a) no shear displacement or (b) a shear displacement of 5 mm in the radial 
direction. 
 
The permeability for each fracture is measured at confining stresses of 10, 20, and 30 
MPa through a unidirectional fluid flow experiment along the sample axis at room temperature 
(Figure 3-2). The rubber-sleeved fractured sample is subjected to confining stress (hydrostatic 
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pressure by water) in a pressure vessel. While distilled water flows from the bottom to the top of 
the sample at a constant flow rate, a corresponding differential pressure between the inlet and 
the outlet is measured by a differential pressure gauge. The flow rate is controlled by a water 
pump and confirmed by measuring the weight of the effluent using an electronic balance. Low 
pore pressures of less than 5% of the given confining stress are used so that the effective 
confining stresses do not differ significantly from the confining stress values. Since linear 
relationships between the flow rate and the differential pressure are observed for all given 
conditions, the fracture permeability is determined for the sample with a negligible matrix 






 based on the cubic law [Witherspoon et al., 1980; Tsang 
and Witherspoon, 1981]: 
,      (3-1) 
















,         (3-2) 
where Q is the flow rate, P is the differential pressure, μ is the viscosity of the fluid, and L and 
W are the long and short side lengths, respectively, of the fracture. 
Based on the measurements of the fracture surface topography and permeability, 2-D 
aperture distributions of the fractures under the confining stresses are numerically determined 
by computer through a permeability matching method, in which the pairs of fracture surfaces 
are in contact with each other, so that the aperture distributions have the experimentally 
determined fracture permeabilities. In this permeability matching, an aperture distribution with 
at least a single contact point is first created in the 0.25-mm square grid system, and the 
apertures are decreased to simulate fracture closure due to confining stress. The apertures are 
local separations between two opposite fracture surfaces in the direction normal to their mean 
planes. In decreasing the apertures, the two fracture surfaces become close together and some 
asperities are overlapped. Overlapping asperities are assumed to be contacting asperities (i.e., 
regions of zero aperture), and fracture surface deformations are not considered. [Zimmerman et 






simulating a unidirectional fluid flow 2-D (x-y) field with the Reynolds equation for a 
steady-state laminar flow of a viscous and incompressible fluid [Brown, 1987b; Ge, 1997; Oron 
and Berkowitz, 1998; Yeo et al., 1998; Sausse, 2002; Brush and Thomson, 2003; Jaeger et al., 
2007]: 
,      (3-3) 
where e is the aperture, and P is the pressure of the fluid. The Reynolds equation is solved with 
a finite difference method under the same boundary condition as that in the fluid flow 
experiment (Figure 3-3). In solving the Reynolds equation, the contacting asperities are replaced 
with a negligibly small nonzero aperture of 1 μm because the pressure cannot be defined at zero 
aperture. Since the fluid flow simulation mimics the fluid flow experiment, the permeabilities 
for the aperture distributions are also determined using Equations (3-1) and (3-2). 
As described later herein, all aperture distributions obtained in the present study are 
characterized by a significant number of contacting asperities (regions of zero aperture) and the 
skewed distributions of nonzero apertures with long tails, i.e., lognormal-like distributions. 
Hence, the aperture distributions are evaluated based on the percentages of contacting asperities 
for all data points (i.e., contact area), the geometric mean, and the geometric standard deviation 
of the apertures (nonzero values). In evaluating the fluid flows resulting from the fluid flow 
simulation for the aperture distributions, the area of preferential flow paths in the fracture plane 































Figure 3-2. Experimental system for permeability measurement of the fracture within the granite 
sample under confining stress. 
 
 
Figure 3-3. Boundary conditions in the unidirectional fluid flow simulation for the fracture 
aperture distribution created in a 0.25-mm square grid system. 
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3.2.2. Prediction of fracture aperture distributions and fluid flows beyond laboratory scale 
The results of the laboratory investigation inspired the following novel idea of predicting 
the aperture distributions of beyond laboratory-scale fractures under confining stress. The 
fractal nature of fracture surface topography is well known [Brown, 1987a; Power et al., 1987; 
Kumar and Bodvarsson, 1990; Power and Durham, 1997]. Based on the fractal nature, the 
fracture surface topography can be numerically created [Brown, 1995; Glover et al., 1997 and 
1998; Matsuki et al., 2006]. Moreover, the fractal nature has been confirmed to be valid for the 
natural fault roughness from the micro-scale to the continental scale [Candela et al., 2012; 
Renard et al., 2013]. Consequently, a method used to predict the fracture surface topography 
beyond the laboratory scale has already been developed. Therefore, the only problem in 
predicting the aperture distributions of fractures beyond the laboratory scale is how closely the 
two opposite fracture surfaces are situated under confining stress. 
Fracture permeability, mean aperture, or contact area may be used to predict the aperture 
distribution under confining stress, as long as their scale dependencies are clear and formulated. 
As described later herein, the scale dependencies of fracture permeability and mean aperture are 
not clear in the laboratory investigation, which precludes the formulation of their scale 
dependencies. On the other hand, the scale independency of the contact area has been suggested, 
and a novel method by which to predict the aperture distributions of fractures from a laboratory 
scale to a field scale has been developed based on the fractal nature of the fracture surface and 
the scale-independent contact area. In other words, the aperture distribution of a fracture of any 
size can be predicted by simply placing the two fractal fracture surfaces in contact so that the 
fracture has the scale-independent contact area.  
The method developed by Matsuki et al. [2006] is used in creating a pair of fractal fracture 
surfaces. Their method is a modification of the method of Brown [1995] or Glover et al. [1997 
and 1998], so that the desired degree of matedness of the two fracture surfaces can be 
considered. The detail for creating one of two fracture surfaces (upper fracture surface) with the 
desired fractal dimension and roughness magnitude is explained in Appendix 3-A. Furthermore, 
the creation of the opposite fracture surface (lower fracture surface) having the desired degree 
of matedness with the upper fracture surface is explained in detail in Appendix 3-B. Thus, the 
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required parameters and their values in the present study are described below. 
For creating the upper fracture surface, the fractal dimension of the fracture surface, D, 
and the standard deviation of the fracture surface height, σh0, along a linear profile of reference 
length, L0, are required. In contrast, the mismatch length scale, λc, and the ratio of the power 
spectral density (PSD) of the initial aperture to the PSD of the surface height as a function of 
spatial frequency, R(f), are required in creating the lower fracture surface. In the present study, 
the representative parameter values are computed for the fracture surface topographies of the 
0.2 m × 0.3 m surface, providing a fractal dimension of 2.3, a standard deviation of 1.3 mm for 
a reference length of 0.2 m, and a mismatch length scale of 0.7 mm. In addition, the ratio of the 
PSD of the initial aperture to the PSD of the surface height is approximated by: 
 112133 105.5)(ln102.2)(ln109.2)(ln105.6)(
  fffefR .    (3-4) 
With these parameter values, pairs of surface topographies of square fractures on a 
0.25-mm square grid system are numerically created on a scale of from 0.05 m × 0.05 m to 0.6 
m × 0.6 m. Aperture distributions having a scale-independent contact area are then determined 
and evaluated as described earlier herein. Then, the fluid flows through the predicted aperture 
distributions are determined and evaluated. The present study essentially provides results for 
factures beyond the laboratory scale, because even the present maximum fracture size is too 
large to experimentally determine its aperture distribution and corresponding fluid flow under 
confining stress. 
 
3.3. Results and Discussion 
3.3.1. Channeling flows through heterogeneous aperture distributions of laboratory scale 
fractures 
The results of the permeability measurement for the laboratory scale fractures reveal 
different changes in permeability (or corresponding hydraulic aperture) with fracture scale 
between the fractures with and without shear displacement (Figure 3-4). Note that the scales for 
the rectangular laboratory-scale fractures in the following figures are represented by the shorter 
side lengths. The fracture permeabilities and corresponding hydraulic apertures are summarized 
in Table 3-1. For the case of a fracture without shear displacement, the permeability, which has 
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a lower value at a higher confining stress, increases with the fracture length from 0.05 m to 0.1 
m and decreases with the increase in the fracture length from 0.1 m to 0.2 m at all given 
confining stresses. Consequently, the permeability for the fracture without shear displacement 
shows no clear scale dependency. On the other hand, the permeability of the fracture with shear 
displacement, which is much higher than that of the fracture without shear displacement, 
increases with the fracture length, where no significant change in permeability with confining 
stress is observed.  
 
 
Figure 3-4. Changes in the fracture permeability with fracture length for real laboratory-scale 
fractures with no shear displacement and with a shear displacement of 5 mm at confining 
stresses of from 10 to 30 MPa. 
 
Based on the measurements of the fracture permeability and surface topography, the 
fracture aperture distribution and the corresponding fluid flow are numerically determined for 
each given condition, indicating heterogeneous aperture distributions and the resulting 
channeling flows for all conditions. Figure 3-5 shows the representative results for channeling 
flows through the heterogeneous aperture distributions for the laboratory-scale fractures. In this 












































figure, the flow rate distributions shown in color scale are superimposed on the corresponding 
aperture distributions, which are shown in gray scale. In Figure 3-5, the contacting asperities are 
represented by the minimum apertures of 1 m for convenience, as described in Section 3.2.1. 
Moreover, the flow rates in each figure are normalized by the total flow rate for each condition, 
and flow rates of ≥ 0.01 (1% of the total flow rate) are shown in the figure. The distribution of 
the colored points therefore maps the dominant flow paths within the aperture distribution, 
because colorless points have negligibly small flow rates. As shown in the figure, in general, 
there are a significant number of nonzero aperture points that have a negligible flow rate, which 




Figure 3-5. Representative results for the channeling flow within the heterogeneous aperture distribution of the real laboratory-scale fractures (a) 
with no shear displacement and (b) with a shear displacement of 5 mm. 
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Histograms of the aperture are generally characterized by a significant number of 
contacting asperities (regions of zero aperture) and the skewed distributions of regions of 
nonzero aperture with long tails, i.e., lognormal-like distributions, as reported in the literature 
[Watanabe et al., 2008 and 2009] (Figure 3-6). Therefore, the aperture distributions are 
evaluated by the geometric mean and standard deviation of nonzero apertures and the 
percentage of zero apertures (contact area), and these values are summarized in Table 3-1. 
Figure 3-7 shows the changes in the geometric mean of apertures, referred to hereinafter as the 
mean aperture, and the contact area with the respect to the fracture length. Due to the shear 
dilation, fractures with shear displacement generally have a large mean aperture. In addition, 
fractures without shear displacement have a large contact area due to the high degree of 
matedeness of the fracture surfaces. The mean aperture of the fracture without shear 
displacement, which does not change significantly with confining stress, increases with 
increasing fracture length. On the other hand, the mean aperture of the fracture with shear 
displacement, which does not change significantly with confining stress, first increases and then 
decreases with the increase in the fracture length. Since the mean aperture of the largest fracture 
remains greater than that of the smallest fracture, the mean aperture of the fracture with shear 
displacement essentially increases with increasing fracture length. The contact area of the 
fracture without shear displacement, which is slightly larger at higher confining stress, 
decreases slightly with the increase in the fracture length. In contrast, the contact area of the 
fracture with shear displacement, which does not change significantly with confining stress, 
increases slightly with increasing fracture length. The geometric standard deviations are 
essentially constant for all given conditions, as shown in Table 3-1. 
The area of the preferential flow paths, referred to herein as the flow area, is calculated to 
evaluate the degree of channeling flow (Figure 3-8). For all of the given conditions, the flow 
area is far from 100% of the fracture plane, demonstrating the difference between reality and the 
fluid flow through a fracture modeled by parallel smooth plates. The fractures with shear 
displacement have a rather large flow area, except for the largest fracture, and this trend does 
not change significantly with confining stress. In the case of a fracture without shear 
displacement, the flow area is approximately constant throughout the tested fracture scales. On 
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the other hand, the flow area of the fracture with shear displacement decreases slightly with the 
increase in the fracture length. In addition to these small flow areas, large differences between 
the mean aperture and the hydraulic aperture can be found in Table 3-1.  
 
 
Figure 3-6. Representative results for the histograms of the aperture for the real laboratory-scale 
fractures with (a) no shear displacement and (b) a shear displacement of 5 mm. 
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Figure 3-7. Changes in (a) the geometric mean of aperture and (b) the contact area for the real 
laboratory-scale fractures with no shear displacement and with a shear displacement of 5 mm at 




Figure 3-8. Changes in the flow area with the fracture length for the real laboratory-scale 
fractures with no shear displacement and a shear displacement of 5 mm at confining stresses of 
10, 20, and 30 MPa. 
  




























Table 3-1. Parameter values characterizing the channeling flow through the heterogeneous aperture distribution of the real fracture. 
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Based on the above-described results, the scale dependencies of the heterogeneous 
fracture aperture distribution and the channeling flow therein are inferred as follows. For both 
fractures with and without shear displacement, the mean aperture increases with the increase in 
the fracture length, as demonstrated herein. This scale dependency of the mean aperture may be 
true because the fractal fracture surface has larger roughness at a larger fracture scale. In the 
laboratory scale, however, the mean aperture may not always increase significantly with the 
increase in the fracture scale, due to the self-affinity, rather than self-similarity, of the fractal 
fracture surface. On the other hand, for both fractures with and without shear displacement, the 
contact area is virtually independent of scale. In the present study, the contact areas of the 
fractures with and without shear displacement exhibit opposite changes with respect to 
increasing fracture length. However, the changes in the absolute contact area are negligible, and 
there is no reason for such opposite changes for these fractures. As such, these changes in the 
contact area are not essential, which indicates the scale independency of the contact area. This 
concept has also been suggested in the literature [Witherspoon et al., 1979]. The scale 
independency of the contact area may simply implicate the physical balance between confining 
stress and reactive force at the contacting asperities. The combination of the scale-dependent 
mean aperture and the scale-independent contact area suggests that the fracture permeability 
either remains constant or increases with the increase in the fracture length. In the case of a 
fracture without shear displacement, the permeability may remain approximately constant with 
the increase in the fracture length because the increase in the aperture has little influence on the 
permeability enhancement due to the large contact area. In contrast, for a fracture with shear 
displacement, the permeability may increase monotonically with the increase in the fracture 
scale due to the small contact area. Moreover, the formation of preferential flow paths with a 
rather small flow area, which is quite different from the assumption in the parallel smooth plate 
model, causes the non-monotonic permeability increasing with the fracture scale, as shown 
herein and inferred from the results in the literature [Witherspoon et al., 1979; Raven and Gale, 
1985; Matsuki et al., 2006]. 
As described herein, the laboratory investigation provides insight into the scale 
dependencies of the aperture distributions and channeling flows for subsurface fractures. 
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However, it is difficult to determine the scale dependencies due to the limited results for a 
relatively small range of fracture scale in the laboratory investigation. Therefore, a method by 
which to predict fracture aperture distributions beyond the laboratory scale has been developed 
based on the fractal nature and the scale-independent contact area of the fracture surface and has 
been used to address the prescribed problem. 
 
3.3.2. Validity of the method for predicting fracture aperture distributions beyond the 
laboratory scale 
Fracture aperture distributions of the square fractures with side lengths of 0.05 to 0.6 m 
and the corresponding fluid flows are numerically determined by the prediction method, where 
the scale-independent contact areas of fractures with and without a shear displacement of 5 mm 
are set to 42% and 59%, respectively. These values can be obtained by calculating the average 
of contact area with respect to the fracture type, because the confining stress level has little 
influence on the contact area. Since the contact area and the other characteristic parameters do 
not change significantly with the confining stress, in the present study, the predicted aperture 
distributions and fluid flows can be considered to be representative of the fractures with and 
without shear displacement under confining stress. 
In order to evaluate the validity of the prediction method, the occurrence of channeling 
flows within the predicted aperture distributions is first confirmed. In the same manner as in 
Figure 3-5, representative results for the aperture distribution and fluid flow are shown in Figure 
3-9. Visual comparison of the distributions between the predicted scale fractures and the real, 
laboratory-scale fractures qualitatively reveals that the prediction method can reproduce the 
occurrence of a channeling flow within the heterogeneous fracture aperture distribution. The 
channeling flow for the predicted fractures beyond the laboratory scale of > 0.2 m × 0.3 m can 
also be observed, which suggests that this flow phenomenon generally characterizes the fluid 
flow through the rock fracture, regardless of scale. Quantitative evaluation of the validity of the 
prediction method is then conducted, primarily through the comparisons of two key parameters, 
namely, the mean aperture and the fracture permeability, between the predicted fractures and the 
real laboratory-scale fractures (Figure 3-10). The values of the mean aperture and permeability 
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for the predicted fractures are generally in agreement with those of the real laboratory-scale 
fractures. Although relatively large differences are observed between the predicted and real 
permeabilities for the fracture without shear displacement, the differences are consistent within 
an order of magnitude. Moreover, the scale dependencies of the mean aperture and the 
permeability, which are observed in the laboratory investigation, are properly reproduced by the 
prediction method. Therefore, for both fractures with and without shear displacement, the mean 
aperture is expected to increase with the increase in the fracture length. In addition, the 
permeability of the fracture without shear displacement is almost scale-invariant, whereas the 
permeability of the fracture with shear displacement increases with the increase in the fracture 
length. The parameter values, which characterize the predicted aperture distribution and fluid 





Figure 3-9. Representative results for the channeling flow within the heterogeneous aperture distribution of the predicted fractures (a) with no 
shear displacement and (b) with a shear displacement of 5 mm. 
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Figure 3-10. Comparisons of (a) the geometric mean of aperture and (b) the permeability 
between the predicted and the real laboratory-scale fractures with no shear displacement and 
with a shear displacement of 5 mm. The values for the real fractures are determined at confining 
stresses of 10, 20, and 30 MPa.  
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Table 3-2. Parameter values characterizing the channeling flow through the heterogeneous aperture distributions of the predicted fracture under 
confining stress. 
 
*Constant ratio of the shear displacement to the short side length of the fracture 
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As described above, the prediction method has been demonstrated to be valid for fractures 
created in the laboratory. However, the validity of the prediction method for natural fractures is 
unclear. To address this concern, the maximum aperture-fracture length relations are obtained 
for the predicted fractures and are compared to those for natural fractures (joints and faults) 
reported in the literature [Cowie and Scholz, 1992; Vermilye and Scholz, 1992; Schlische et al., 
1996; Schultz et al., 2008]. Note that the maximum aperture in the present study corresponds to 
the maximum displacement in the literature. Vermilye and Scholz [1992] reported that the 
maximum aperture (m), emax, and fracture length (m), l, are approximately related by the 
following formula: 
nle max ,          (3-5) 
where α is a pre-exponential factor related to rock properties or tectonic environments, and n is 
an exponent. In the case of a joint, the maximum aperture ranges from 10
-4
 m to 10
-3
 m for a 
fracture length ranging from 10
-2





 [Schultz et al., 2008]. In contrast, in the case of a fault, the maximum aperture 
ranges from 10
-4
 m to 10
5
 m for a fracture length ranging from 10
-3
 m to 10
6
 m, which results in 
a pre-exponential factor of between 0.001 and 0.1 and an exponent of 1. 
Figure 3-11 shows the maximum aperture-fracture length relations for the predicted 
fractures, together with those for joints and faults in nature. In addition to the results for the 
fractures with no shear displacement and a shear displacement of 5 mm, the results for fractures 
with a constant ratio of shear displacement to fracture length are summarized in Table 3-2 and 
are shown in Figure 3-11. In the present study, the results for the fractures with and without 
shear displacement are compared to those for faults and joints, respectively. However, whether 
the fractures with a shear displacement of 5 mm are suitable for the comparison remains unclear, 
because the shear displacement of a fault generally exhibits a linear increase with respect to the 
fracture scale [Kanamori and Anderson, 1975]. Consequently, a constant ratio of shear 
displacement to fracture length is also used. Here, a relatively large ratio of 0.01 (1% of the 
fracture length) is assumed because most faults are expected to experience multiple slips, rather 
than just a single slip. As shown in Figure 3-11, the maximum aperture-fracture length relation 






). Furthermore, the maximum aperture-fracture length relation for the fracture 
with a constant ratio of shear displacement is quantitatively consistent with the middle relation 
for the fault (emax = 0.01l), whereas the maximum aperture-fracture length relation for a fracture 
with a constant shear displacement is inconsistent with the relations for natural faults, which is 
as expected. Thus, the prediction method has also been demonstrated to be valid for natural 
fractures (joints and faults). 
 
Figure 3-11. Comparison of the maximum aperture-fracture length relations between the 
predicted and the natural fractures. The results are for the predicted fractures with two types of 
shear displacement: (1) a constant shear displacement of 5 mm and (2) a shear displacement that 





to the relation of the joint, whereas the other linear curves correspond to the relations of the 
fault [Schlische et al., 1996; Schultz et al., 2008]. 
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3.3.3. Scale dependency of a channeling flow through a heterogeneous fracture aperture 
distribution 
Since the prediction method has been demonstrated to be valid for natural fractures, the 
present study finally discusses conceivable scale dependencies of channeling flows through the 
heterogeneous aperture distributions of natural fractures, i.e., joints and faults. Considering the 
above discussion, we assume that the prediction results for fractures without shear displacement 
are relevant to the typical scale dependencies of joints, whereas the prediction results for the 
fractures with a constant ratio of shear displacement are relevant to the typical scale 
dependencies of faults. The parameter values used in the present discussion are listed in Table 
3-2. 
Figure 3-12a shows the changes in the mean aperture with the fracture length for both 
fractures with and without shear displacement, which are hereinafter referred to as faults and 
joints, respectively. For both joints and faults, the mean aperture increases with the increase in 
the fracture length, whereas the standard deviation is almost independent of scale and is 
approximately 3, as summarized in Table 3-2. The increase in the mean apertures may have 
occurred because the fracture surface becomes rougher with the increase in the fracture length 
and the contact area is a scale-independent value. The increase in mean aperture for joints and 
faults are linear on a log-log plot, and are respectively approximated by 




,           (3-6) 




,           (3-7) 
where em, joint and em, fault are the mean apertures (m) of joints and faults, respectively, and l is 
the fracture length (m). Both equations have exponents smaller than unity due to the self-affine 
fractal nature of the fracture surface. In particular, the exponent is very small for the joint, 
indicating the weak scale dependency of the mean aperture. The small exponent is due to the 
high degree of matedness for the two opposite fracture surfaces. 
Figures 3-12b and 12c show the change in permeability and flow area with fracture length 
for joints and faults. The permeabilities of both joints and faults also increase linearly with 











,         (3-9) 
where kjoint and k fault are the permeabilities (m
2
) of joints and faults, respectively. For both joints 
and faults, the exponents for the permeability are greater than those of the mean aperture. The 
permeabilities have stronger scale dependencies than those of the mean apertures, because the 
local permeabilities are proportional to the square of the local apertures (i.e., local cubic law). 
However, the pre-exponential factors and exponents in Equations 3-8 and 3-9 are smaller than 
those expected from Equations 3-6 and 3-7 with an assumption of the parallel smooth plate 
model, where the fracture permeability is proportional to the square of the mean aperture. This 
is because the flow area within a fracture is quite small due to the channeling flow, as shown in 
Figure 3-12c, which diverges significantly from the assumption. Due to the significantly small 
exponent for the joint, the permeability is approximately constant with respect to the fracture 
scale. Note that Equations 3-6 through 3-9 may be used to predict the fracture flow 
characteristics for a confining stress of up to approximately 100 MPa. This constraint can be 
inferred from the study of Watanabe et al. (2008), who showed that the change in the fluid flow 
characteristics of the fracture is relatively small with an increase in confining stress of from 30 
MPa to 100 MPa. In contrast, for both joints and faults, the flow area is virtually independent of 
scale and is approximately 10% of the fracture plane. Considering the scale-independent contact 
area of approximately 60% for joints and 40% for faults, we assume the existence of a 
noncontact area that does not contribute to the fluid flow for both joint and fault planes. The 
noncontact areas (i.e., a stagnant area of fluid) of joints and faults, which are also 
scale-independent values, are estimated to be approximately 30% and 50%, respectively. The 
estimated flow area within the fracture plane corresponds well with the flow area evaluated 




Figure 3-12. Predicted typical changes in the (a) geometric mean of aperture, (b) the 
permeability, and (c) the flow area, all with respect to the fracture length, for fractures with no 




We evaluated heterogeneous aperture distributions and resulting channeling flows for 
granite fractures of various sizes under confining stress. As a significant result, the scale 
independency of contact area of the fracture was revealed, which, in combination with the 
well-known fractal nature of the fracture surfaces, provides a novel method by which to predict 
fracture aperture distributions beyond the laboratory scale. The validity of the proposed method 
was revealed through the reproduction of the results in a laboratory investigation and the 
maximum aperture-fracture length relations, which have been reported in the literature, for 
natural fractures (i.e., joints and faults). 
Subsequently, for joints and faults of various sizes, representative aperture distributions 
and resulting channeling flows were numerically determined under confining stress. The 
characteristics of the aperture distributions and the fluid flow were evaluated, and the changes in 
the mean aperture and permeability with the fracture scale were formulated. Therefore, we can 
now predict conceivable scale dependencies of channeling flows through heterogeneous 
aperture distributions from laboratory-scale to field-scale natural fractures. 
In summary, these results are essential to the design of fracture networks with 
scale-dependent heterogeneous aperture distributions in the field scale. Such precise analysis of 
a fracture network will provide new insight into transport phenomenon within a fracture 
network, which will be significant for the engineering and scientific applications such as the 
development of hydrocarbons or geothermal reservoirs and the clarification of earthquake 
mechanisms. 
 
Appendix 3-A: Spectral method for modeling a self-similar fracture surface 
In the present study, we numerically model the surface geometries of rock fractures by a 
spectral method based on fractional Brownian motion (fBm) [Peitgen and Saupe, 1988]. In this 
method, a fractal surface is created by the inverse Fourier transform of the Fourier components 
that are given according to the scaling law of the surface height, which is determined by the 
fractal dimension of the rock surface D. The discrete inverse Fourier transform to create an 





















          (A1) 
where ap,q is a complex Fourier component of the surface for the spatial frequencies p/l and q/l 
in the X- and Y-directions, respectively. Note that x and y are discretized as 
x = sΔx (s = 0, N-1)         (A2) 
y = tΔy (t = 0, N-1)         (A3) 
where Δx and Δy are the grid spacing in the X- and Y-directions, respectively (Δx = Δy = l/(N-1)). 
Since the surface height data is real numbers, the Fourier components must satisfy the following 
conjugate conditions [Peitgen and Saupe, 1988]: 
qpqNpN aa ,,   (p, q > 0)          (A4) 
qqN aa ,0,0   (q > 0)       (A5) 
0,0, ppN aa   (p > 0)       (A6) 
            (A7) 
where the overbar indicates a complex conjugate. Since the constant component a0,0 is assumed 
to be zero in the present study, the mean height of the surface is always zero. For the fracture 
surface geometry with fractal dimension D, the Fourier component ap,q can be given as a 





         (A8) 
where f and R1 are a spatial frequency and a series of uniform random numbers between 0 and 1, 
respectively. 
In the present study, the surface height is adjusted after taking the inverse Fourier 
transform of Equation (A8) with an arbitrary proportional constant so that the average standard 
deviation (SD) determined for all linear profiles of the surface height, σh, satisfies the following 


















    
(A9) 
where σh0 is the SD of the surface height along a linear profile of a fracture surface of size l0, 
and these values are determined for a reference fracture surface. The derivation of Equation 
(A9) is explained in detail in Matsuki et al. (2006). Thus, one of the self-similar fracture 
surfaces, e.g., the upper surface, can be modeled with a designated roughness for the linear 
a0,0 = a0,0
(p2 +q2 ) / l2
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profiles of the surface height (σh) and the fractal dimension (D) for an arbitrary scale. 
 
Appendix 3-B. Method for modeling the other fracture surface 
In modeling the other fracture surface (i.e., lower surface), a gradual increase in the 
matedness between the two surfaces must be considered for wavelengths greater than the 
mismatch length scale (λc) [Brown et al., 1986; Wang et al., 1988; Brown, 1995]. Note that the 
degree of matedness can be evaluated through the ratio of the PSDs of the initial aperture with 
at least a single contact point and the surface height. To realize this, we introduce a Fourier 
component for the lower surface having the same amplitude as that for the upper surface, but 
with a different relative phase from that of the upper surface. As a result, ap,q of the lower 







         
(A10) 
where R2 is a series of random numbers that is independent of R1 in Equation (A8) for the upper 
surface, and γ(f) is a function of the spatial frequency, f, which is less than or equal to 1. Thus, 



















        
(A11) 
where fc is the inverse of the mismatch length scale (1/λc). For both the upper and lower surfaces, 
the heights are given by the distances from the same reference plane. 
Based on the above considerations, the effect of the phase difference on the ratio of the 
initial aperture PSD to the surface height PSD is considered. The Fourier component of the 










because the initial aperture is obtained by taking the difference between the heights of the upper 
and lower surfaces. Since the PSD is the squared amplitude of the Fourier component, the ratio 
of the PSDs between the initial aperture and the surface height, r(f), is defined as 




.    
(A13) 
By substituting Equations (A8) and (A12) into Equation (A13), we obtain 
 ))(2cos(12)( 2Rffr  .        (A14) 
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Furthermore, the expectation of the ratio, E(r), can be calculated by the following integral with 
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 .          (A16) 
For spatial frequencies greater than fc, the expectation of the ratio is 2, which indicates that the 
two surfaces are completely independent of each other. In contrast, the expectation of the ratio is 
less than 2 for spatial frequencies of less than fc, which means that the two surfaces are more or 
less correlated. When a gradual change in the matedness between the two surfaces can be 

















.   (A17) 
By solving Equation (A17) using the Newton-Raphson method, the function γ(f) can be 
determined. Thus, the other self-similar fracture surfaces, e.g., the lower surface, can be created 
with the designed roughness, fractal dimension, and matedness with the corresponding upper 
surface for an arbitrary scale. 
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Nomenclature & Greek symbols 
 
D  fractal dimension 
e  local aperture, m 
eh  hydraulic aperture, m 
emax  maximum aperture, m 
emean, fault  mean aperture of fautl, m 
emean, joint  mean aperture of joint, m 
f  spatial frequency, 1/m 
fc  inverse of the mismatch length scale, 1/m 
h  surface height, m 
k  fracture permeability, m
2
 
kfault  permeability of fault, m
2
 
kjoint  permeability of joint, m
2
 
l  fracture length, m 
l0  reference fracture length, m 
L  long side length of fracture, m 
P  Pressure of the fluid, Pa 
ΔP  differential pressure, Pa 
Q  flow rate, m
3
/sec 
W  short side length of fracture, m 
Δx  grid spacing in X-direction, m 
Δy  grid spacing in Y-direction, m 
 
α  pre-exponential factor 
μ  viscosity of the fluid, Pa•sec 
λc  mismatch length scale, m 
σh  standard deviation of surface height, m 





Universal modeling of fluid flow characteristics through subsurface rock fractures 
 
4.1. Introduction 
In Chapter Ⅲ, a novel predicting method of channeling flow through subsurface rock 
fractures beyond laboratory scale is developed, where a pair of fractal fracture surfaces are 
contacted so that they have the scale independent contact area. Then, the validity of the 
prediction method is revealed, and conceivable scale dependencies of aperture distributions and 
fluid flow characteristics of subsurface fractures, such as joints and faults, are suggested. 
However, the suggested scale dependencies of aperture distributions and fluid flow 
characteristics of subsurface fractures can be applied just under the regulated condition where 
the ratio of shear displacement to fracture length is equivalent to 0.01 (1% of the fracture 
length). In contrast, an actual fractured reservoir is constructed by a number of fractures with 
various combinations of fracture scale and shear displacement, and it is desirable that fluid flow 
characteristics of subsurface rock fractures are revealed for a wide range of conditions for 
fracture scale, shear displacement, and confining stress. Without this finding, it is still difficult 
to construct realistic discrete fracture network models of a fractured reservoir for analyzing with 
GeoFlow [Ishibashi et al., 2012]. Such a finding is also valuable for understanding the 
dynamics of rock fractures, which include shear dilation and induced seismicity due to 
hydraulic fracturing in fractured reservoirs [Min et al., 2004; Faoro et al., 2009; Manga et al., 
2012]. However, to date a comprehensive view for the geometric and hydraulic characteristics 
of rock fracture, which incorporate all of the prescribed effects a priori, has not been evolved. 
In this chapter, aperture distributions and fluid flows are numerically determined for rock 
fractures with various combination of fracture scale and shear displacement by using the 
prediction method of fracture aperture distributions beyond laboratory scale, which is developed 
in Chapter Ⅲ. Through evaluating these aperture distributions and fluid flows, fluid flow 
characteristics of subsurface rock fractures are revealed for a wide range of conditions for 
fracture scale, shear displacement, and confining stress. Furthermore, geometric and hydraulic 




In order to determine the aperture distributions of rock fractures with various combinations 
of fracture scale and shear displacement, the fracture surfaces of various scales are first created 
numerically. The detail for numerical creation of fracture surfaces with a desired fractal 
dimension and roughness is explained in Appendix 3-A in Chapter Ⅲ. When this method is  
applied, the fractal dimension of rock fracture surface (D) and the standard deviation (SD) of 
the surface height along a linear profile of a fracture surface of size L0 (σh0) are set as 
summarized in Table 4-1. Parameters shown in Table 4-1 are corresponding to the values for the 
tensile fractures of granite. In the present study, the square fracture surfaces with the scale (L) of 
80 and 160 m are created in the 0.1 m square grid system. Furthermore, the square fracture 
surfaces with the scale of 240, 320, and 400 m are created in the 0.2 m square grid system. 
These values of grid spacing are enough small to reproduce the original fluid flow paths within 
the rock fractures, and are generally determined by considering the performance of computers 
used for the calculation.  
 
Table 4-1. Parameters used in the numerical modeling of rock fracture surfaces. 
 
 
By using these fracture surfaces, aperture distributions are numerically determined for 
rock fractures under confining stress with various combinations of fracture scale (m), L, and 
shear displacement (m), . The prediction method of fracture aperture distributions beyond 
laboratory scale, which is developed in Chapter Ⅲ, are applied herein. The upper and lower 
fracture surfaces are first sheared by [m] with each other, and then contacted so that the 
contact area is equivalent to 42%. The aperture of contacting asperities is set to 10 m for 
convenience in this chapter, since the maximum apertures for the determined aperture 
distributions of field scales are relatively large. This assumption is validated preliminarily. Since 
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the contact area is nearly constant between 30 MPa and 100 MPa [Watanabe et al., 2008], it is 
considered that the aperture distributions are determined under the condition of confining stress 
from 30 MPa to 100 MPa. The shear displacement is given in the direction of the fracture’s 
width (X-direction), therefore the fracture’s width (m), w, is [m] shorter than the fracture’s 
length (Y-direction, m), l (Figure 4-1). In this study, the shear displacement, , is determined for 
each scales of fracture so that the ratios of the shear displacement to the fracture scale (“shear 
displacement” hereafter), L, are equivalent to 0.00125 (0.125%), 0.0025 (0.25%), 0.005 
(0.5%), 0.01 (1%), 0.02 (2%), 0.05 (5%), and 0.075 (7.5%). A total of 35 aperture distributions 
of subsurface rock fractures are created numerically. 
 
 
Figure 4-1. Length, width, and shear displacement defined for a fracture with shear 
displacement.  
 
For these aperture distributions, it is preliminary confirmed that the histograms of 
heterogeneous apertures are characterized by a significant number of contact points and the 
skewed distributions of noncontact points (nonzero values) with long tails, i.e., lognormal-like 
distributions, regardless of fracture scale or shear displacement. Therefore, the numerically 
created aperture distributions are evaluated by the geometrical mean and standard deviation of 
local apertures, and the maximum aperture. Then, the fluid flows within these aperture 
distributions are analyzed, where the Reynolds equation is solved for the each aperture 
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distributions with a finite difference method. The details of the fluid flow simulation are 
explained in 3.2.1 in Chapter Ⅲ. With respect to the results of fluid flow simulations, the 
distributions of flow paths, fracture permeability, hydraulic aperture, and the flow area, which 
means the area of the preferential flow paths within a fracture, are evaluated.  
 
4.3. Results and Discussion 
4.3.1. Channeling flows through heterogeneous aperture distributions of the field scale 
subsurface rock fractures 
Figures 4-2 and 4-3 show the representative results for the numerically created 
heterogeneous aperture distributions of rock fractures and for the channeling flow through them. 
In Figure 4-3, the flow rate distributions shown in color scale are superimposed on the 
corresponding aperture distributions, which are shown in gray scale. Moreover, the scale 
dependent changes in the heterogeneous aperture distributions and the channeling flow within 
rock fractures are highlighted in Figure 4-4. The flow rates in Figure 4-3 and 4-4 are normalized 
by the total flow rate for each condition, and flow rates of ≥ 0.01 (1% of the total flow rate) are 
shown in these figures. The distribution of the colored points therefore maps the dominant flow 
paths within the aperture distribution, because colorless points have negligibly small flow rates. 
As is revealed in Figure 4-3, regardless of fracture scale or shear displacement, fluid flows 
within subsurface fractures are consistently characterized by channeling flow. Figures 4-2 and 
4-3 suggest the following; for each scale of fracture, the groupings of contacting asperities 
arrayed in the perpendicular direction to the shear displacement are advanced with increasing 
shear displacement. Moreover, large flow rates appear with a relatively high frequency for the 
fractures with relatively large shear displacement, which means that the degree for the 
concentration of preferential flow path become higher with increasing the shear displacement. 
Figure 4-4 suggests that the width of flow paths increases with increasing fracture scale 





Figure 4-2. Representative results for the heterogeneous aperture distributions of numerically modeled fractures with various combinations of 








Figure 4-3. Representative results for the formation of preferential flow paths (i.e. channeling flow) within heterogeneous aperture distributions of 
numerically modeled fractures with various combinations of fracture scale and shear displacement under confining stress. 
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Figure 4-4. Scale dependent changes in the formation of preferential flow paths (i.e. channeling 
flow) within heterogeneous aperture distributions of rock fractures with (a) 0.25% shear 
displacement and (b) 5.0% shear displacement. 
 
On the basis of these results, geometric and hydraulic characteristics of numerically 
modeled fractures are evaluated, and the results are summarized in Table 4-2. Note that the 
contact area of the numerically modeled fracture is set to 42% regardless of fracture scale or 
shear displacement in the present study.  
First, the geometric characteristics of numerically modeled fractures are clarified. Figure 
4-5 shows the change in the mean aperture with increasing shear displacement, L, for the 
respective scale of fractures. Figure 4-6, in contrast, shows the change in the maximum aperture 
with increasing fracture scale for the respective shear displacement. The mean aperture and the 
maximum aperture increase with increasing shear displacement when the fracture scale is 
constant. The mean aperture and the maximum aperture also increase with increasing fracture 
scale when the shear displacement is constant. In Figure 4-6, the maximum aperture-fracture 
length relations of numerically modeled fractures are further compared with those of natural 
fractures (i.e. faults), which are reported in the literature [Cowie and Scholz, 1992; Vermilye and 
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Scholz, 1992; Schlische et al., 1996]. According to the literature, the maximum aperture (m), 
emax, and fracture length (m), L, is roughly related by the following formula: 
Le max ,       (4-1) 
where α is a pre-exponential factor which ranges from 0.001 to 0.1. It is clarified that the 
maximum aperture-fracture length relations of numerically modeled fractures are in good 
agreement with those of natural fractures. This fact indicates that the numerically created 
heterogeneous aperture distributions well represent the aperture distributions of natural 
subsurface fractures. The geometric standard deviation of apertures of subsurface rock fracture 
is approximately 2.9 regardless of fracture scale or shear displacement (see Table 4-2).  
Then, the hydraulic characteristics of numerically modeled fractures are clarified. Figure 
4-7a and 4-7b show the change in the fracture permeability and flow area with increasing shear 
displacement, L, for the respective scale of fractures. The fracture permeability increases with 
increasing shear displacement when the fracture scale is constant. The fracture permeability also 
increases with increasing fracture scale when the shear displacement is constant. On the other 
hands, regardless of fracture scale, flow area first decreases and then moderately increases with 
increasing shear displacement. However, it is difficult to constrain the scale dependency in flow 
area for the fractures with constant shear displacement. As can be seen from Figure 4-7b, 
regardless of fracture scale or shear displacement, only the area of 5-25% of the entire fracture 
plane can contribute on the fluid flow, which is due to the occurrence of channeling flow within 
the fracture. This result also suggests that the noncontact areas with stagnant fluid correspond to 











Figure 4-5. Mean apertures of numerically created heterogeneous aperture distributions of 
subsurface rock fractures with various combinations of fracture scale and shear displacement. 
Approximated curves by Eq. 4-2 are represented herein. 
 
Figure 4-6. Comparison of the maximum aperture-fracture length relations between the 
predicted and the natural fractures. Linear curves shown in the figure correspond to the relations 
of the fault [Cowie and Scholz, 1992; Vermilye and Scholz, 1992; Schultz et al., 2008]. 
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Figure 4-7. (a) Fracture permeability and (b) Flow area of numerically created heterogeneous 
aperture distributions of subsurface rock fractures with various combinations of fracture scale 
and shear displacement. Approximated curves by Eq. 4-3 are represented in Figure 4-7a. 
 69 
4.3.2. Mean aperture and permeability of subsurface rock fracture formulated by fracture 
scale and shear displacement 
On the basis of the above evaluations, geometric and hydraulic characteristics of 
subsurface rock fractures under confining stress are discussed as followings. Here, the confining 
stress from 30 MPa to 100 MPa, which corresponds to the stress of several thousands meters’ 
depth, can be assumed in this study. Within the natural subsurface rock fractures, regardless of 
fracture scale or shear displacement, preferential flow paths are consistently formed (i.e. 
channeling flow). Due to the channeling flow, the flow area and the noncontact area with 
stagnant fluid within a rock fracture are approximately 5-25% and 33-53% of the entire fracture 
plane. In contrast, mean aperture and permeability of the fractures change systematically in 
response to both fracture scale and shear displacement (Figure 4-5, 4-7a). For the specified scale 
of fracture, the changes in mean aperture (mm), em, and fracture permeability (m
2
), k, with shear 


























k ,           (4-3) 
where α1 and α2 are pre-exponential factors, and β1 and β2 are exponents. Approximated curves 
by Eqs. 4-2 and 4-3 are represented in Figures 4-5 and 4-7a, and α1, α2, β1, and β2 are calculated 
for each scale of fractures and are summarized in Table 4-3.  
 
Table 4-3. Fitting parameters ofα1, α2, β1, and β2 determined for different scales of fractures. 
 
 
Based on Table 4-3, the changes in α1, α2, β1, and β2 with fracture scale are furthermore 
evaluated in Figure 4-7. It is revealed that α1 and α2 linearly increase with increasing fracture 
scale on a log-log plot whereas β1 and β2 are virtually scale independent. α1 and α2 are 
















respectively approximated by 
66.0
1 )1042.1( L    (4-4) 
43.16
2 )1066.2( L
 .   (4-5) 
Ensemble averages of β1 and β2 are, on the other hands, calculated to be 0.60 and 1.21.  
 
 
Figure 4-8. Changes in the fitting parameters, which constrain mean aperture (a) and 
permeability (b) of subsurface rock fractures. 
 












.         (4-6) 
In the same manner, by substituting Eq 4-5 into 4-3, fracture permeability (m
2
), k, can be 













.    (4-7) 
Thus, the mean aperture and the permeability of subsurface rock fracture are successfully 
formulated by two parameters, fracture scale and shear displacement. By applying these 
equations, fluid flow characteristics of subsurface rock fractures can be revealed for a wide 
range of conditions for fracture scale, shear displacement, and confining stress (30 – 100 MPa). 
In order to highlight the changes of the mean aperture and the permeability with increasing 
shear displacement, constant values of the fracture scales are first employed. Fracture scales (m), 
L, of 0.1, 0.2, 0.4, 1.0, 2.0, 4.0, 10, 20, 40, 100, 200, 400, and 1000 are selected herein, and 
these values are substituted into Eqs. 4-6 and 4-7. As a result, the changes of the mean aperture 
and the permeability with increasing shear displacement are plotted in Figures 4-9a and 4-9b, 
where the fracture scale varies. The increases in em and k are drastic with increasing the shear 
displacement from 0 to 0.02, whereas these increases are gradual with increasing the shear 
displacement from 0.02 to 0.1. In the present study, the maximum value of shear displacement is 
set to 0.1.  
Additionally, the mean aperture and permeability of the real rock fractures are plotted 
together in Figure 4-9a and 4-9b for comparison. The parameters for the fracture of 0.1×0.15 
m
2
 with 5 mm shear displacement (L = 0.05) are plotted with solid square symbol, 
whereas the parameters for the fracture of 0.2×0.3 m
2
 with 5 mm shear displacement (L = 
0.025) are plotted with open square symbol. For these rectangular-shaped fractures, the 
fracture scale, L, is represented by the short side length of fracture. Note that these parameters 
of real rock fractures are obtained in Chapter Ⅲ (see Table 3-1). It is clarified that the mean 
aperture and permeability predicted by Eqs 4-6 and 4-7 are in good agreement with those of the 






Figure 4-9. Changes in (a) mean aperture and (b) permeability of subsurface rock fractures with 
increasing shear displacement, where fracture scale varies.  
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Subsequently, to highlight the changes of the mean aperture and the permeability with 
increasing fracture scale, constant values of the shear displacement are employed. Here, it is 
widely acceptable that the shear displacement of natural fault linearly increases with increase in 
the fracture scale [Kanamori and Anderson, 1975; Scholz, 2002]. Shear displacement, L, of 
0.0005 (0.05%), 0.001 (0.1%), 0.005 (0.5%), 0.01 (1%), and 0.05 (5%) are selected in this study, 
and these values are substituted into Eqs. 4-6 and 4-7. As a result, the changes of the mean 
aperture and the permeability with increasing fracture scale are plotted in Figures 4-10a and 
4-10b, where the shear displacement varies. When the constant shear displacement is assumed, 
em and k linearly increase with increasing fracture scale on a log-log plot.  
In this study, the geometric and hydraulic characteristics of subsurface fractures are 
revealed for a wide range of conditions for fracture scale, shear displacement, and confining 
stress (i.e. universal modeling). In developing the universal modeling, although the production 
of gouges and the deformation of rock fracture surfaces during shear displacement may have 
some impact on the heterogeneous aperture distributions [Scholz, 2002; Jaeger et al., 2007], the 
effects of these mechanisms are ignored in this study. Due to these mechanisms, it is expected 
that the mean aperture and permeability of the rock fracture are somewhat smaller than those 
predicted by Eqs 4-6 and 4-7. In the future work, it will be examined whether these effects 
should be introduced in the universal modeling modeling of fracture flow characteristics or not.  
Finally, the applicability of the universal modeling of fracture flow characteristics is 
discussed. Owing to the universal modeling, we will specifically reach a new insight into the 
permeability evolutions of rock fractures (natural faults) caused by earthquakes. For instance, 
on the basis of Figure 4-9b, even if shear displacement of a fault with a fracture scale of 1,000 
m increases from 0.01 (1%) to 0.03 (3%) as a result of repeating earthquake (or possible 
magnitude of earthquake), the permeability of the fracture doesn’t change drastically and the 
change is expected to be one order of magnitude at the most. Thus, we may quantitatively 
predict how much the fracture permeability is evolved in the case that a specific magnitude of 





Figure 4-10. Changes in (a) mean aperture and (b) permeability of subsurface rock fractures 
with increasing fracture scale, where shear displacement varies. 
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4.4. Conclusion 
Aperture distributions and fluid flows are numerically determined for rock fractures with 
various combination of fracture scale and shear displacement, and their geometric and hydraulic 
characteristics are evaluated systematically. Through the evaluations, fluid flow characteristics 
of subsurface rock fractures under confining stress (up to ~ 100 MPa) are revealed as 
followings; flow area within a fracture plane is limited to 5-25% regardless of fracture scale (m), 
l, or shear displacement (m), δ, since preferential flow paths are consistently formed within 
subsurface rock fractures (i.e. channeling flow). Moreover, mean aperture (mm), em, and 
permeability (m
2


























which can reproduce the mean apertures and permeabilities of real fractures, although the 
effects of gouge productions or deformation of fracture surfaces during shear displacement 
should be examined in the future work.  
These achievements enable us to create realistic discrete fracture network (DFN) models 
of a fractured reservoir for GeoFlow simulation. Additionally, these results are also 
fundamentals to reach a new insight for the permeability evolutions of subsurface rock fractures 
(natural faults) caused by earthquakes. This also link to the evaluation of the impact of fracture 






Modeling of three dimensional channeling flow in a fractured reservoir with GeoFlow 
 
5.1. Introduction 
In Chapter Ⅳ, fluid flow characteristics of subsurface rock fractures are revealed for a 
wide range of conditions for fracture scale, shear displacement, and confining stress. 
Furthermore, the universal modeling of fluid flow characteristics through subsurface rock 
fractures are suggested, where mean aperture, permeability, and flow area of subsurface rock 
fractures are constrained by shear displacement and fracture scale.  
Considering these achievements, realistic discrete fracture network (DFN) models, where 
heterogeneous aperture distributions are given for individual fractures under confining stress 
depending on their scale and shear displacement, can be created for an actual fractured 
reservoirs. In fluid flow analysis for such DFN models, the formation of three dimensional 
(3-D) preferential flow paths (i.e., 3-D channeling flow) is properly considered. Analyses of the 
3-D channeling flow in fractured reservoir are realized by GeoFlow [Ishibashi et al., 2012].  
In this study, the Yufutsu oil/gas field (Hokkaido, Japan) is modeled. This field is suitable 
for discussing the characteristics and impact of 3-D channeling flow in a fractured reservoir. As 
described later herein, four wells were drilled in this field and approximately three orders of 
magnitude difference in productivity was observed between two of these four wells. Although 
the cause of the huge difference in well productivity has been examined by analyzing fluid flow 
for the highly reliable conventional DFN models, this observation has never been reproduced 
and the cause of this huge difference is still unexplained [Tamagawa et al., 2010; Tamagawa et 
al., 2012]. It is considered that the discrepancy between the observation and the model is caused 
by the fact that the occurrence of 3-D channeling flow in an actual fractured reservoir is ignored 
in the modeling, where the fractures were represented by pairs of parallel smooth plates with 
unique apertures.  
Thus, in this chapter, realistic DFN models, where heterogeneous aperture distributions are 
given for individual fractures depending on their scale and shear displacement under confining 
stress, are created for the Yufutsu oil/gas field. Then, the characteristics and impact of 3-D 
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channeling flow in a fractured reservoir are discussed through simulating fluid flows within the 
reservoir by GeoFlow.  
 
5.2. Reviews for three orders of magnitude difference in well productivity observed in a 
fractured reservoir (the Yufutsu oil/gas field) 
As mentioned above, the Yufutsu oil/gas field is modeled in the present study. Through the 
research review for the Yufutsu oil/gas field, it is clarified that this field is suitable for 
discussing the characteristics and impact of 3-D channeling flow in a fractured reservoir. 
The Yufutsu oil/gas field, which is fractured basement reservoir, is located in the southern 
Ishikari Plain, Hokkaido Island, Japan (Figure 5-1a). This field was discovered in 1989 and is 
one of the largest gas fields in Japan. Gas production started in 1996, and the cumulative gas 
production was approximately 60 bcf at the end of 2006. The permeability development of the 
reservoir is inferred to be controlled by the shear dilation mechanism for the mega-fractures, 
which have apertures of more than 5 cm [Kumano et al., 2012]. 
The geological section of the Yufutsu oil/gas field is shown in Figure 5-1b. Bedrock for 
this field is Lower Cretaceous granitic plutons, which is covered by Paleogene and Neogene 
siliciclastic sediments of approximately 4,000 meters in thickness. Oil and gas are trapped 
within rock fractures (faults) at Lower Cretaceous granitic plutons and overlaying Eocene 
conglomerate layer. At present, this field is located in the frontal area of a thrust deformation 
front, which has propagated westward from the Hidaka Mountain Range. Due to this strong 
tectonic contraction, it is inferred that the structures of the Yufutsu field have been reactivated 




Figure 5-1. (a) Index map showing the location of Yufutsu oil/gas field, and (b) Geological cross 
section of the Yufutsu field. Gr = Group. 
 
For an area of 2.4 km (East-West) × 2.6 km (North-South) within the central part of the 
Yufutsu field, four wells (Well A, B, C, and D) were drilled at a spacing of approximately 
several hundred meters (Figure 5-2a). Well A is a nearly vertical well with an inclination of 14°, 
and is the most productive well in the Yufutsu field. Well B is also a nearly vertical well with an 
inclination of 16°, but its productivity is significantly low. The difference in productivity 
between Well A and B is approximately three orders of magnitude. Well C is a deviated well 
with an inclination of 39°, and shows the second highest productivity in this field. Well D is also 
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a deviated well with an inclination of 46°, and shows no gas production. Such a large variation 
in well productivity indicates the fact that the fracture system is highly heterogeneous in the 
field. 
In order to reveal the heterogeneous geometry of fracture system for the Yufutsu field, 3-D 
surface seismic data, which tell us a fracture distribution associated with faulting, have been 
acquired for the field. Figures 5-2b and 5-2c show examples for time slices of the seismic 
amplitude and the seismic variance, which coincide with the level of the central depth of the 
reservoir interval, respectively. Since the seismic data for the field are originally chaotic due to 
the reduction of the signal-to-noise ratio and the irregular distribution of seismic source and 
receiver arrays, the location of subtle faults within the data should be identified through manual 
fault interpretations or computational image processing algorithms. Figure 5-2d shows an 
example for the time slice of fault-extraction processed data, where the locations of faults are 
highlighted [Tamagawa et al., 2010].  
Additionally, various kinds of data have been collected for a long time for the same area in 
the Yufutus field. For instance, by analyzing mineral precipitations within the core, the insight 
in the history of fracture development is acquired [Yanagimoto and Iijima, 2003]. Wellbore 
imaging data are a principal source of observation for understanding the fracture system as well 
as the in-situ stress field. By analyzing the wellbore imaging data, it is clarified that the general 
current stress state of the Yufutsu field is a strike-slip-faulting stress regime, where the overall 
trend of the maximum principal stress direction is northeast-southwest. Microseismic event data 
are also acquired during a massive hydraulic injection for Well B, which are useful in mapping 
the fracture systems and/or fault zones spatially-extended around a wellbore. By analyzing the 
observed microseismic events, fracture system within an area of 700 m × 300 m around Well B 
is successfully delineated with estimated location errors of less than 20 m [Tezuka and 
Tamagawa, 2004]. Note that the hypocenter distributions for some of microseismic events are 
mapped with green dots in Figures 5-2b, 5-2c, and 5-2d. 
In this way, comprehensive quality data sets (well productivity data, 3-D seismic data, core 
and wellbore imaging data, and microseismic data) have been compiled for the Yufutsu field, 
which have enabled Tamagawa et al. [2012] to develop a novel calibration scheme of 
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seismic-attributes derived from 3-D seismic data by coupling with microseismic data and in-situ 
stress data. Owing to the novel scheme, highly reliable distribution of fractures can be revealed 
and the active fractures under a strike-slip faulting stress regime (i.e. critically-stressed 
fractures), which satisfy the Mohr-Coulomb failure criterion and have very high permeability, 
are also delineated for the Yufutsu field. 
 
 
Figure 5-2. (a) Locations of four wells (Well A, B, C, and D), which are enclosed with thin 
dashed lines, in the Yufutsu oil/gas field. Study area of GeoFlow simulation in the present study 
is enclosed with bold line. Over the area, 3-D surface seismic data, which are shown as (b) 
seismic amplitude and (c) variance of seismic amplitude, are acquired. Furthermore, (d) 
fault-extraction processed data is also obtained based on the seismic data. 
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Based on these investigations, highly reliable DFN models for the fracture distributions, 
where permeabilities of critically-stressed fractures are much higher than those of 
noncritically-stressed fractures due to shear dilation mechanism, can be created for the 
prescribed regime of 2.4 km (East-West) × 2.6 km (North-South) × 1.5 km (Depth) of the 
Yufutsu field. However, although the fluid flow is analyzed for the DFN models, the huge 
difference in well productivity, which is indeed observed for the field, has never been 
reproduced and the cause of the huge difference remains unclear [Tamagawa et al., 2010; 
Tamagawa et al., 2012]. Here, the occurrence of 3-D channeling flow in a fractured reservoir is 
ignored in the past modeling, which can cause the discrepancy between the observation and the 
model. This fact inspires the following idea; the huge difference in well productivity can be 
reproduced if the occurrence of 3-D channeling flow is considered adequately. Thus, this field is 




5.3.1. Modeling of a fractured reservoir 
An area of 1,080 m (East-West) × 1,080 m (North-South) × 1,080 m (Depth) in the Yufutsu 
field, which is shown in Figure 5-2 with bold lines, is focused in the present study. This area 
includes Well A (high productivity) and Well B (low productivity), and the difference in 
productivity of these two wells is approximately three orders of magnitude. Therefore, the 
characteristics and impact of 3-D channeling flow in a fractured reservoir can be discussed 
through the GeoFlow simulations of this area.  
In modeling discrete fracture network (DFN) for the Yufutsu field, the present study 
assumes that the fracture system is simply developed as follows. First, a number of fractures are 
generated within the rock mass by various reasons such as cooling of the rock mass, change in 
the stress field, and so on. Then, the fractured rock mass is placed in the current stress state of a 
strike-slip-faulting. According to the stress state, rock fractures with the specific directions, 
which satisfy the Mohr-Coulomb failure criterion, are sheared. For the fractures with shear 
displacement, it is assumed that shear displacement of a fracture linearly increases with 
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increasing fracture scale (i.e. a constant ratio of shear displacement to fracture length) 
[Kanamori and Anderson, 1975]. 
Discrete fracture networks are created on the specified area, where the permeability of 




, which is equivalent to the matrix permeability of granite 
[Takahashi et al., 1990]. Rock fractures are represented by squares of 18 different scales (44, 62, 
80, 98, 115, 133, 151, 168, 186, 204, 222, 239, 257, 275, 293, 310, 328, and 346 m on a side), 
and approximately 15,000 fractures are distributed in the analytical domain (see Appendix 5-A). 
The numbers of fractures can be determined for the respective scales of fractures, since the 
fracture length (m), l, which is defined as a side length of a square, and the cumulative 
frequency of fracture (m
-3
), N, are related by (modified from Matsuura et al. [2003] and 













N .   (5-1) 
The relationship between cumulative frequency of fracture and fracture length is plotted in 
Figure 5-3a. Center coordinates and orientations of the individual fractures are given so that 
they coincide with those determined in Tamagawa et al. [2010]. Then, 15 kinds of stochastic 
equivalent discrete fracture networks, where the center coordinates and orientations of the 
individual fractures are different, are prepared. This is because DFN models are recognized to 
be best treated in a stochastic framework by considering Monte Carlo analyses based on 
multiple realizations. One example of the created DFN for the Yufutsu field is shown in Figure 
5-3b, where x-, y-, z-axes are mounted in east-west, north-south, deep-shallow directions, 
respectively. Such correspondences for the axes are common in the following figures. 
Furthermore, the ratio of volume containing fractures to the total volume of the analytical 




Figure 5-3. (a) Relationship between cumulative frequency of fractures and fracture length and 
(b) an example of created DFN for the Yufutsu oil/gas field. 
 84 
In the present study, two different models, “GeoFlow model” and “Conventional DFN 
model”, are used for analyzing fluid flow in the fractured reservoir. Heterogeneous aperture 
distributions are considered in response to the fracture scale and shear displacement in GeoFlow 
model, whereas fractures are represented by pairs of parallel smooth plates with scale-dependent 
unique apertures in Conventional DFN model. Between these two models, fracture distributions 
(fracture scales, center coordinates, and orientations of the individual fractures) are the same. 
Moreover, permeabilities (or hydraulic apertures) of the corresponding fractures are also the 
same. Consequently, by comparing the result of GeoFlow model with the result of Conventional 
DFN model, the characteristics and impact of 3-D channeling flow can be discussed. 
Specifically, the detail of creating GeoFlow model of the Yufutusu field is explained herein. 
In the GeoFlow model, heterogeneous aperture distributions for rock fractures are determined 
with the method developed in Chapter Ⅲ. In this method, a pair of fractal fracture surfaces is 
placed in contact so that the fracture has the scale-independent contact area. When this method 
is applied, surface geometries of the fractures are numerically created by using the parameters, 
such as fractal dimension and standard deviation for the surface height, calculated for the tensile 
fracture of granite of laboratory scale. As the grid spacing in the X- and Y-directions is set to 1 m 
for the surfaces, the dimension of fracture element, which is defined in Chapter Ⅱ, is 1 m × 1 
m. To simulate the original preferential flow paths within a rock fracture adequately, the length 
of fracture element should be set smaller than fiftieth part of the fracture length, which is 
preliminary confirmed. Since this condition is satisfied in the present study, channeling flow in 
a rock fracture can be represented accurately.  
In the GeoFlow model of the Yufutsu field, critically-stressed fractures, which are expected 
to experience multiple slips, can be distinguished from noncritically-stressed fractures by 
considering the current stress state, so heterogeneous aperture distributions are separately given 
for these fractures. In other words, the GeoFlow model consists of 36 kinds of fractures with 
various combinations of fracture scale and shear displacement. For the noncritically-stressed 
fractures, a ratio of shear displacement to fracture length (“shear displacement” hereafter) is set 
equal to 5×10
-5
 (0.005%), whose permeabilities are plotted with solid triangles in Figure 5-4. 
Moreover, mean apertures range from 0.4 mm to 1.8 mm for these fractures. Considering that 
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the noncritically-stressed fractures can have aperture of up to 50 mm [Kumano et al., 2012], a 
relatively small value of 5×10
-5
 (0.005% of fracture length) is validated. In contrast, for the 
critically-stressed fractures, it is significantly difficult to determine a shear displacement 
uniquely. Therefore, the shear displacement for the critically-stressed fractures is treated as a 
fitting parameter, and the heterogeneous aperture distributions of fractures are determined in the 






 (2%), and 4×10
-2
 
(4%). Here, the directions of shear displacement are preliminary constrained by the overall trend 
of the maximum principal stress direction in the Yufutus field. For each settings of shear 
displacement, fracture permeabilities are plotted in Figure 5-4.  
Furthermore, even though the fracture scale and shear displacement are specified, the 
heterogeneous aperture distributions of fracture varies depending on a series of uniform random 
number, R1, which is defined in Eq (A8) in Chapter Ⅲ. However, the fluid flow characteristics 
of a fractured reservoir can be evaluated by using representative aperture distributions, since 
these characteristics don’t vary depending on the aperture distributions of individual fractures. 
This fact is preliminary confirmed (Appendix 5-B). 
 
Figure 5-4. Relationship between fracture permeability and fracture length for both 
noncritically-stressed fractures and critically-stressed fractures. 
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A shear displacement for critically-stressed fractures is fist set to 4×10
-3
 (0.4%). This 
model imitates the model created by Tamagawa et al. [2010] in that permeabilities of 
critically-stressed fractures are 100 times higher than those of noncritically-stressed fracture 
when the scales of these fractures are the same. However, as described later herein, this model 
can never reproduce the three orders of magnitude difference in well productivity observed at 
the Yufutsu field. This is maybe due to the fact that the shear displacement of 4×10
-3
 (0.4%) is 
inadequate in the model. With this in mind, a shear displacement for critically-stressed fractures 
is varied from 1×10
-3
 (0.1%) to 4×10
-2
 (4%) to reproduce the observation.  
In order to analyze fluid flow within a fractured reservoir, the discrete fracture networks 
are converted into the equivalent permeability continua, which is common for both GeoFlow 
model and Conventinal DFN model. The analytical domain of 1,080 m × 1,080 m × 1,080 m is 
first divided into a total of 5,832,000 matrix elements, which is defined in Chapter Ⅱ, with the 
dimension of 6 m × 6 m × 6 m. Then, equivalent permeabilities are calculated at all matrix 
element interfaces. The detail of the conversion processes is explained in Chapter Ⅱ, and one 
example of permeability map for the equivalent permeability continua of the Yufutsu field is 
shown in Figure 5-5, where highly permeable zone is shown with colors. It is preliminary 
confirmed that fluid flow through a specific fracture simulated by 2-D Reynolds equation is 
adequately reproduced in 3-D GeoFlow simulation with preserving the characteristics of the 
original aperture distribution, when the length of matrix element is smaller than 6-times the 
length of fracture element. Considering that the lengths of fracture element and matrix element 
are 1 m and 6 m respectively, 3-D channeling flow within a fractured reservoir can modeled 
successfully in the present study. Parameter set for the fluid flow simulations of the Yufutsu 




Figure 5-5. An example of permeability map for the equivalent permeability continuum of the 
Yufutsu oil/gas field evaluated in GeoFlow model. ((a) Top view and (b) Front view) 
 
Table 5-1. Parameter set for the fluid flow simulations of the Yufutsu oil/gas field. 
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5.3.2. Analysis of fluid flow in a fractured reservoir with GeoFlow 
For the equivalent permeability continuum, steady-state laminar flow of a viscous, 
incompressible fluid can be simulated under unidirectional flow geometry (Figure 5-6a) and 
radial flow geometry (Figure 5-6b). For both simulations, upper and lower sides, which are not 
shown in Figure 5-6, are non-flow boundaries where the pressure gradient is zero. Fluid 
macroscopically flows in the direction of the x-axis in Figure 5-6a, and it is also possible to 
simulate macroscopic fluid flows in the directions of the y-axis and the z-axis by setting the 
similar boundary conditions. Results of unidirectional flow simulations will reveal the 
distributions of flow paths in a state of nature. In contrast, results of radial flow simulations will 
reveal the distribution of flow paths in a state of oil/gas production, and fluid macroscopically 
flows from sidewall boundaries to Well A and Well B in Figure 5-6b. In this study, differential 
pressure, ΔP, is set to constant value of 0.1 MPa for the both flow geometries. For both Well A 
and Well B, the depth of well is 580 m (see Figure 5-6b), which is also determined so that the 
actual settings of the Yufutsu oil/gas field can be imitated.  
 
 
Figure 5-6. Boundary conditions for (a) unidirectional fluid flow simulation and (b) radial fluid 
flow simulation. 
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For the case of the shear displacement of 4×10
-3
 (0.4%) for critically-stressed fractures, 
unidirectional fluid flow simulations in the directions of the x-, y-, and z-axes are conducted 
with GeoFlow model. To clarify the fluid flow characteristics of the fractured reservoir, 
permeability of the reservoir and the flowing fluid existing volume, which is defined as the ratio 
of the volume where 95% of total flow exists to the volume where fractures exist within the 
analytical domain, are calculated in the unidirectional fluid flow simulations. In contrast, for the 
same case of shear displacement, radial fluid flow simulations are conducted with both 
GeoFlow model and Conventional DFN model, and these results are compared. In the radial 
fluid flow simulations, the flow path distributions are evaluated, and the productivities of Well A 
and Well B, and the fluid existing volume are also calculated.  




 (2%), and 
4×10
-2
 (4%) for critically-stressed fractures, radial fluid flow simulations are conducted with 
both GeoFlow model and Conventional DFN model, where the flow path distribution, the 
productivities of Well A and Well B, and the fluid existing volume are evaluated. Particularly, 
for the case that the shear displacement is 2×10
-2
 (2%), the flow paths distributions of 
unidirectional fluid flow are evaluated in the directions of the x-, y-, and z-axes.  
Based on the simulation results described above, the characteristics and impact of 3-D 
channeling flow in a fractured reservoir is examined and discussed. 
 
5.4. Results and Discussion 
5.4.1. Reproduction of three orders of magnitude difference in well productivity observed 
in the Yufutsu oil/gas field by GeoFlow simulations 
The results of the fluid flow simulations reveal that three orders of magnitude difference in 
well productivity observed in the Yufutsu oil/gas field can be reproduced only with GeoFlow 
model. Since the principal difference between GeoFlow model and Conventional DFN model is 
whether the occurrence of 3-D channeling flow is considered or not, it can be concluded that 
one of the most likely causes for the significant difference in well productivity is 3-D 
channeling flow. The detail of the simulation results is explained in the followings. 
In evaluating the fluid flow characteristics of a fractured reservoir by using DFN modeling 
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techniques, it is desirable that the parameters for fluid flow characteristics, which are calculated 
for multiple realizations, are ensemble averaged. This is because the parameters for fluid flow 
characteristics vary significantly in response to the distribution of rock fractures, even though 
the fracture distributions are stochastically equivalent. Additionally, to visualize permeability 
maps and flow path distributions, local permeabilities and local flow rates, which are calculated 
for the respective elements of the equivalent permeability continuum of DFN, should be 
ensemble averaged as well.  
First, the results of unidirectional fluid flow simulations for the fractured reservoir with the 
15 kinds of GeoFlow models are shown in Figure 5-7, where the shear displacement of 
critically-stressed fractures is equal to 4×10
-3
 (0.4%). The permeabilities of reservoir and the 
flowing fluid existing volumes for x-, y-, and z-directions are summarized in Table 5-2. For the 
respective directions, it is confirmed that the permeability (Figure 5-7a) and the flowing fluid 
existing volume (Figure 5-7b) vary significantly depending on the fracture distributions. 













, whereas ensemble averages of the flowing fluid existing volumes for x-, 
y-, and z-directions are 7.6%, 6.1%, and 7.8%. These values are also summarized in Table 5-2, 
and are shown in Figures 5-7a and 5-7b with the different type of broken lines. Then, fluid flow 
characteristics of the Yufutsu oil/gas field are discussed. As described above, the anisotropy of 
the permeabilities of reservoir is revealed, which is maybe caused by the fact that the directions 
of shear displacement are preliminary constrained by the overall trend of the maximum 
principal stress direction (see Figure 5-5). In contrast, the difference in flowing fluid existing 
volumes is very small, which indicates that there is few anisotropy in flowing fluid existing 
volume. It is quantitatively clarified that the extremely limited parts within the fracture existing 
volume contribute on the fluid flow and approximately 50% of fracture existing volume is 





Figure 5-7. (a) Permeabilities of the fractured reservoir evaluated with GeoFlow models and (b) 
flowing fluid existing volumes for x-, y-, and z-directions. Distributions of fractures are 
stochastically equivalent for these 15 models, and the ensemble averages for each direction are 
shown with the different type of broken lines. 
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Table 5-2. Permeabilities of the fractured reservoir evaluated with GeoFlow models and flowing fluid existing volumes in the direction of x-, y-, 




For the GeoFlow model of the fractured reservoir, where the shear displacement of 
critically-stressed fractures is 4×10
-3
 (0.4%), the permeability map is evaluated as shown in 
Figure 5-8a. The overall trend of the maximum principal stress direction, the directions of shear 
displacements for critically-stressed fractures, and the locations of Well A and Well B are also 
indicated in the same figure. For the locations of both Well A and Well B, it is preliminary 
confirmed that these wells intersect more than one critically-stressed fracture. The permeability 
map evaluated with GeoFlow model is compared with the permeability map evaluated with 
Conventional DFN model (Figure 5-8b). In these figures, highly permeable zones, which are 
almost corresponding to the critically stressed fractures, are shown with different colors 
depending on the permeability values. Due to the fact that the individual fractures have 
heterogeneous aperture distributions in response to fracture scales and shear displacements, 
highly permeable zones distribute as dots in the GeoFlow model. On the other hands, since the 
individual fractures are modeled by pairs of parallel smooth plates with scale-dependent unique 
apertures, highly permeable zones correspond to the entire fracture plane of critically-stressed 
fractures of relatively large scales in the Conventional DFN model. These results make us sure 






Figure 5-8. Permeability maps for the Yufutsu field evaluated with (a) GeoFlow model and (b) 
Conventional DFN model. Highly permeable zone in critically-stressed fractures are shown 




When the flow path distributions are visualized, the ensemble averaged local flow rates are 
furthermore normalized by their maximum value. The flow path distributions are shown with 
different colors in response to the normalized values. Particularly, when the results of the radial 
fluid flow simulations are shown in the following, the summation of the normalized values for 
the elements corresponding to the visualized flow path is 95% of the summation for the entire 
analytical domain.  
The results of the radial fluid flow simulations for the fractured reservoir are shown in 
Figure 5-9 as flow path distributions, where the shear displacement of critically-stressed 
fractures is equal to 4×10
-3
 (0.4%). Figure 5-9a is the flow path distributions evaluated with 
GeoFlow model, whereas Figure 5-9b is the flow path distributions evaluated with 
Conventional DFN model. For these models, it is common that flow paths are formed for the 
highly permeable zones within critically-stressed fractures (see Figure 5-8), and the flow paths 
are towards Well A and Well B. The Flow paths towards Well A are mainly from north, south, 
and east side boundaries, whereas the flow paths towards Well B are mainly from west side 
boundary. Although the appearances of flow path distributions are alike between GeoFlow 
model and Conventional DFN model, 3-D channeling flow in a fractured reservoir can be 
considered only in the GeoFlow model.  
In the GeoFlow model, the productivities of Well A and Well B are 9.32 m
3
/sec and 0.13 
m
3
/sec, and the fluid existing volume is 6.0%. Productivity of Well A is 71 times higher than 
that of Well B. In contrast, in the Conventional DFN model, the productivities of Well A and 
Well B are 1.69 m
3
/sec and 0.075 m
3
/sec, and the fluid existing volume is 8.4%. Productivity of 
Well A is 23 times higher than that of Well B. The reason why the productivity of Well A is 
higher than that of Well B is explained in the next section. Both models can reproduce the 
observation of the Yufutsu oil/gas field in that the productivity of Well A is higher than that of 
Well B, but neither the GeoFlow model nor the Conventional DFN model can reproduce the 
three orders of magnitude difference in productivity between Well A and Well B. Here, it is 
quantitatively clarified that the localization of flow paths of the GeoFlow model is more 
remarkable than that of the Conventional DFN model, and that the difference in the well 
productivity of the GeoFlow model is larger than that of the Conventional DFN model, which 
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are explicitly due to the occurrence of 3-D channeling flow in the reservoir. However, since the 
difference in the well productivity evaluated by the GeoFlow model is still far from the 
observed fact, it is difficult to tell that GeoFlow model has much more advantages than the 





Figure 5-9. Flow path distributions for the Yufutsu field evaluated with (a) GeoFlow model and 





It is considered that the discrepancy between the simulation results and the observation is 
caused by the fact that the shear displacement of 4×10
-3
 (0.4%) for critically-stressed fractures, 
which is assumed in the models, is not adequate. To reproduce the observed fact, a shear 
displacement of critically-stressed fractures should be calibrated. Therefore, the radial fluid flow 
simulations of the fractured reservoir are conducted for the case that the shear displacement of 




 (2%), and 4×10
-2
 (4%). The simulation 
results for the respective cases are shown in Figure 5-10, 5-11, and 5-12 as flow path 
distributions. Figures 5-10a, 5-11a, and 5-12a are the flow path distributions evaluated with 
GeoFlow models, whereas Figures 5-10b, 5-11b, and 5-12b are the flow path distributions 
evaluated with Conventional DFN models. These results are coupled with the result for Figures 
5-9a and 5-9b in the following explanations and discussion.  
When the shear displacement of critically-stressed fractures is 2×10
-2
 (2%) and 4×10
-2
 
(4%), the appearances of flow path distributions are completely different between GeoFlow 
model and Conventional DFN model (Figures 5-11 and 5-12), which is due to the fact that 3-D 
channeling flow in a fractured reservoir is considered only in the GeoFlow models. With respect 
to the flow paths towards Well A, these paths are consistently formed regardless of the shear 
displacement, which is common for both GeoFlow models and Conventional DFN models. On 
the other hands, with respect to the flow paths towards Well B, which located within the area 
enclosed by the bold break line in Figures 5-9, 5-10, 5-11, and 5-12, their responses to the shear 
displacement are different between these models. For GeoFlow models, these paths are 
vanished completely when the shear displacement is over 2%. For Conventional DFN models, 
in contrast, these paths are consistently formed regardless of the shear displacement. The 
presence or absence of the flow paths towards Well B within the reservoir is critically important 
for reproducing the three orders of magnitude difference in well productivity observed at the 
Yufutusu field.  
Then, the flowing fluid existing volumes evaluated with the GeoFlow models and the 
Conventional DFN models are summarized in Table 5-3. Based on this table, the responses of 
the flowing fluid existing volume to the shear displacement are examined in Figure 5-13. This 
figure quantitatively reveal that the fluid existing volume decreases with increasing shear 
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displacement. This fact indicates that the degree of the flow paths localization increases with 
increasing shear displacement, which is certainly seen in Figures 5-9, 5-10, 5-11, and 5-12. The 
Conventional DFN models can predict this characteristic, but overestimate the fluid existing 
volume. This overestimation of the fluid existing volume is also caused by the fact that the 
occurrence of 3-D channeling flow is ignored in the Conventional DFN models.  
 
Table 5-3. Dependencies of the flowing fluid existing volume on the shear displacement of 






Figure 5-10. Flow path distributions for the Yufutsu field evaluated with (a) GeoFlow model 






Figure 5-11. Flow path distributions for the Yufutsu field evaluated with (a) GeoFlow model and 






Figure 5-12. Flow path distributions for the Yufutsu field evaluated with (a) GeoFlow model 






Figure 5-13. Dependencies of the fluid existing volume on the shear displacement of 
critically-stressed fractures evaluated with GeoFlow model (solid square symbols) and 
Conventional DFN model (open circle symbols). 
 
Subsequently, the productivities of Well A and Well B, and the ratio of productivity of Well 
A to that of Well B (“Ratio of productivities” hereafter) evaluated with the GeoFlow models and 
the Conventional DFN models are summarized in Table 5-4. On the basis of this table, the 
changes of the well productivities with the shear displacement are shown in Figures 5-14a 
(GeoFlow model) and 5-14b (Conventional DFN model). Moreover, the changes of the Ratio of 
productivities with shear displacement are shown in Figure 5-15.  
In the GeoFlow model, with increasing shear displacement, the productivity of Well A 
increases significantly whereas the productivity of Well B increases very gradually. The ratio of 
productivities, as a result, linearly increases with increasing shear displacement on a log-log plot, 
when the shear displacement is less than ~ 5×10
-2
 (5%). As can be seen in Figure 5-15, the Ratio 
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of productivities of 1,000, which correspond to the observation at the Yufutsu oil/gas field, can 
be successfully reproduced at the shear displacement of 1.7×10
-2
 (1.7%). Here, the flow paths 
towards Well A are formed whereas the flow paths towards Well B are almost all vanished, 
which clarifies the significant dominancy of the flow paths towards Well A in the Yufutsu field. 
On the other hands, in the Conventional DFN model, the productivities of both Well A and Well 
B increase significantly with increasing shear displacement. Since the flow paths towards Well 
A and Well B are consistently formed regardless of the shear displacement, the increasing trends 
in the productivities with increasing shear displacement are similar between Well A and Well B. 
Consequently, the change in the Ratio of productivities with shear displacement is very small 
and the no clear relation between them are observed, where the Ratio of productivities is 
consistently less than 40 (Figure 5-15). This results means that the Conventional DFN model 
can’t reproduce the fluid flow within a fractured reservoir (i.e. the Yufutus oil/gas field), which 
is also reported in Tamagawa et al. [2010]. Specifically, the discrepancy between the GeoFlow 
model and the Conventional DFN model is significant when the shear displacement is relatively 
large. Thus, it is revealed that the reality of fluid flow within a fractured reservoir is 3-D 
channeling flow, which we can consider only by analyzing with GeoFlow or the similar concept 
of DFN model simulators. Note that there are some concerns that we will come to the wrong 
conclusions for the development and utilization of a fractured reservoir, if the occurrence of 3-D 
channeling within the reservoir is not considered.  
In this section, the validity of the shear displacement of 1.7×10
-2
 (1.7%), which is assumed 
for the critically-stressed fractures in the aforementioned GeoFlow model, are finally discussed. 
For the discussion, the maximum aperture-fracture length relations for natural faults are 
reconsidered. As shown in Figure 3-11 in Chapter Ⅲ, maximum aperture of the faults linearly 
increase with increasing fracture length on a log-log plot with a slope of unity. This 
characteristic and the absolute value for the maximum aperture can be reproduced adequately 
when the shear displacement of 1×10
-2
 (1%) is given to the rock fractures. In other words, it is 
possible to assume that natural faults have the shear displacement of around 1×10
-2
 (1%). With 
this in mind, the shear displacement of 1.7×10
-2




Table 5-4. Dependencies of the productivities of Well A and Well B on the shear displacement of critically-stressed fractures for GeoFlow model 





Figure 5-14. Dependencies of the productivities of Well A and Well B on the shear displacement 




Figure 5-15. Dependencies of the ratio of productivity of Well A to that of Well B on the shear 
displacement of critically-stressed fractures evaluated with GeoFlow model (solid square 
symbols) and Conventional DFN model (open circle symbols). Dashed line represents the 
approximated linear curve for the relationship evaluated with GeoFlow model.  
 
5.4.2. Clarification of the mechanism causing the huge difference in well productivity 
Three orders of magnitude difference in well productivity observed in the fractured 
reservoir (i.e. the Yufutsu oil/gas field) is successfully reproduced with GeoFlow model, where 
the shear displacement of 1.7×10
-2
 (1.7%) is assumed for critically-stressed fractures. The 
significant difference in well productivity hasn’t been reproduced to date and this study is the 
first success. Therefore, it is essential to clarify the mechanism causing the significant 
difference in well productivity herein.  
In order to discuss the mechanism, the results of fluid flow simulations with GeoFlow 
model, where the shear displacement of critically-stressed fractures is 2×10
-2
 (2%), are 
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considered. This is because the Ratio of productivities is 1.56×10
3
 (1,560) for this GeoFlow 
model, which is the closest to the observation at the Yufutsu field in the four kind of GeoFlow 
models used in the previous section.  
The flow paths distributions of unidirectional fluid flow evaluated in the directions of the 
x-, y-, and z-axes are respectively shown in Figure 5-16a, 5-16b, and 5-16c. These figures 
represent the distribution of flow paths within the fractured reservoir in a state of nature. Since it 
is considered that the distribution of flow paths in a state of oil/gas production (i.e. Figure 
5-11a) is closely relate to the distribution of flow paths in a state of nature (Figure 5-16a, 5-16b, 
and 5-16c), these flow paths are first compared herein.  
Through the comparisons, it is revealed that Well A is set for the area where natural flow 
paths in x- and y-directions exist originally. Due to this fact, it is also found that both degrees of 
fracture connectivity in x- and y-directions are good. Additionally, since the natural flow path in 
z-direction overlaps substantially with the natural flow path in y-direction for the area, fluid 
flow in z-direction can contribute on the oil/gas production at Well A. In this manner, since all 
of fluid flows for x-, y-, and z-direction can contribute on the oil/gas production at Well A, the 
productivity of Well A is significantly high. In contrast, it is revealed that Well B is set for the 
area where only the natural flow paths in x-direction exists originally, although Well B deviates 
from the flow paths. Considering this fact, it can be concluded that both degrees of fracture 
connectivity in x- and y-directions are not so good for the area. Moreover, it is difficult of fluid 
flow in z-direction to contribute on the oil/gas production at Well B, because the natural flow 
path in z-direction deviates from Well B and is isolated from the natural flow path in x-direction. 
Thus, only the fluid flow for x-direction can contributes on the on the oil/gas production at Well 
B and, as a result, the productivity of Well B is low.  
The flow paths distributions of unidirectional fluid flow evaluated in the directions of the 
x-, y-, and z-axes are superimposed in Figure 5-16d, and the super imposed flow path 
distribution is compared with the flow paths distribution in a state of oil/gas production (Figure 
5-11a). With respect to the flow paths towards Well A, appearances of flow paths are alike 
between Figure 5-11a and Figure 5-16d. With respect to the flow paths towards Well B, due to 
the fact that Well B deviates from the natural flow path in x- and z-direction (5-16d), no such 
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flow path is formed in a state of oil/gas production (Figure 5-11a). These correspondences 
implicated that the optimum locations of wells can be predicted for a fractured reservoir if 3-D 
channeling flows in a state of nature are evaluated precisely within the reservoir, which are 






Figure 5-16. Flow path distributions of the Yufutsu field in a state of nature for (a) x-direction, 
(b) y-direction, and (c) z-direction. Furthermore, (d) superimposed flow path distribution for the 





Figure 5-16. (Continued) 
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The reason why the productivity of Well A is higher than that of Well B is clarified in the 
above. However, the reason of the three orders of magnitude difference in well productivity is 
still not revealed. To discuss the mechanism causing the significant difference, the result of 
radial flow simulation with GeoFlow model (Figure 5-11a) is compared with the result 
evaluated with Conventional DFN model (Figure 5-11b) in detail. As previously mentioned, the 
significant difference between Figure 5-11a and Figure 5-11b is whether the flow paths towards 
Well B are formed or not, which reflects the impact of 3-D channeling flow in the fractured 
reservoir. Considering the fact that the degree of fracture connectivity in all of x-, y-, and 
z-direction is not so good around Well B, it is expected that the impact of 3-D channeling flow 
is enormous specifically within the area of low fracture connectivity.  
The conceptual diagram of the network of critically-stressed fractures around Well B is 
shown in Figure 5-17a, where the directions of shear displacement are constrained as shown by 
arrows. When a rock fracture has a shear displacement, there is an anisotropy in the fluid flow 
characteristics of the fracture. In other word, the permeability for the parallel flow to the shear 
displacement ( ) is different from the permeability for the perpendicular flow to the shear 
displacement ( k ). As shown in Figure 5-17b, the grouped contacting asperities are generally 
arrayed in the perpendicular direction to the shear displacement. Since these contacting 
asperities become barrier for the parallel flow to the shear displacement,  is from one to 
three orders of magnitude less than k  [Nemoto et al., 2009]. It is also noted that the parallels 
flow to the shear displacement is more tortuous than the perpendicular flow to the shear 
displacement herein. With these in mind, the reality of the fluid flow towards Well B is 
considered as the following. Although the fracture permeability for the fluid flow in the depth 
direction is high, this fluid flow doesn’t contribute on the production of Well B. This is because 
the degree of connectivity of critically-stressed fractures is originally low in the depth direction. 
In contrast, 3-D preferential flow paths are less likely to be formed in the x-direction (i.e. from 
west side boundary), since the contacting asperities arrayed in the depth direction block the fluid 
flow in the x-direction. In this manner, as the 3-D preferential flow paths aren’t maintained 
around Well B, the productivity of Well B is significantly low, which results in the three orders 




flow paths towards Well B are, on the other hands, consistently maintained since there is no 
resistance such as contacting asperities. As a result, the productivity of Well B is overestimated 
and the three orders of magnitude difference in well productivity is never reproduced.  
 
 
Figure 5-17. (a) Conceptual diagram of the network of critically-stressed fractures around Well 
B in the Yufutsu oil/gas field, and (b) Schematic illustration for the anisotropy of fluid flow 
characteristics of a single rock fracture with shear displacement. 
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Finally, the general impact of 3-D channeling flow in a fractured reservoir is summarized. 
In a fractured reservoir, 3-D channeling flow consistently occurs, which makes the flow paths 
quite definitive. In the domain where the degree of fracture connectivity is explicitly high, 3-D 
preferential flow paths are consistently maintained. Consequently, significantly large 
productivity is always expected if a well is located for such areas. However, in the domain 
where the fracture connectivity is relatively limited, it is difficult of the flow paths to be 
maintained consistently and there is some possibility that the flow paths are vanished due to the 
occurrence of 3-D channeling flow. When the flow paths aren’t formed, good well productivity 
is never expected. Moreover, even if the hydraulic fracturing is operated in this area, the 
improvement of the well productivity is not expected since the flow paths aren’t developed 
anew. To consider such an impact of 3-D channeling flow in a fractured reservoir adequately, 
fluid flows within the reservoir are necessary to be analyzed by GeoFlow or similar concept of 
DFN model simulatrors. 
 
5.5. Conclusions 
Fluid flow in a fractured reservoir (i.e. the Yufutsu oil/gas field) is simulated with GeoFlow 
model, where heterogeneous aperture distributions are considered for each fractures depending 
on their scale and shear displacement under confining stress. Through a series of the fluid flow 
simulations, it is revealed that the reality of fluid flow within a fractured reservoir is 3-D 
channeling flow, which should be considered for predicting the optimum well locations for a 
fractured reservoir. Specifically, the impact of 3-D channeling flow is expected to be significant 
in the domain where the degree of fracture connectivity is relatively limited. Moreover, there are 
some concerns that we will come to the wrong conclusions for utilization of a fractured 
reservoir, if the occurrence of 3-D channeling flow within the reservoir is ignored.  
As is shown in this study, as long as highly-reliable discrete fracture networks are created 
for a fractured reservoir on the basis of 3-D seismic data, crustal stress data, and so on, we can 
now map the realistic flow path distribution (i.e. 3-D channeling flow) with GeoFlow. If such a 
method is applied to fractured reservoirs of various fields and their results are accumulated, our 
understandings for 3-D channeling flow in fractured reservoirs are significantly advanced. 
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Appendix 5-A. Representation of the shapes of rock fractures 
In the present study, the shapes of rock fractures are represented by not circles but squares, 
which should be validated herein. For this validation, two different discrete network models,  
where rock fractures are modeled by pairs of parallel smooth plates with unique apertures, are 
prepared; one DFN model is consisted of square rock fractures of 18 different scales (44, 62, 80, 
98, 115, 133, 151, 168, 186, 204, 222, 239, 257, 275, 293, 310, 328, and 346 m on a side), 
which corresponds to the Conventional DFN model, and the other DFN model is consisted of 
circle rock fractures of 18 different scales (25, 35, 45, 55, 65, 75, 85, 95, 105, 115, 125, 135, 
145, 155, 165, 175, 185, and 195 m in radius). The center coordinates and orientations of the 
individual fractures, which are given so that they coincide with those of Tamagawa et al. [2010], 
are the same between these two models. Radius of a circle fracture is determined so that the area 
of a circle fracture is equal to that of a corresponding square fracture (Figure A-1), and the shear 
displacement of 4×10
-3
 (0.4%) is assumed for the critically-stressed fractures. Here, 3 kind of 
stochastic equivalent discrete fracture networks, which correspond to the aforementioned model 
number of Network 08, 10, and 14, are used for a series of examinations. 
 
 
Figure A-1. Conceptual illustration of conversion for the fracture shape. 
 
For both square-shaped fracture network and circle-shaped fracture network, unidirectional 
fluid flow simulations in the direction of x-axis are conducted. Boundary condition for the 
unidirectional fluid flow simulation is shown in Figure 5-6a, and the differential pressure, ΔP, is 
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set to 0.1 MPa. As a result of the fluid flow simulations, the permeability maps and flow path 
distributions evaluated for 3 kinds of fracture networks are shown in Figure A-2, A-3, and A-4, 
where appearances of flow path distributions evaluated for the square-shaped fracture networks 
are similar to those evaluated for the circle-shaped fracture networks. These results indicate that 
the fluid flow characteristics of fracture networks can be evaluated qualitatively by using 
whether the square-shaped fracture network or the circle-shaped fracture network.  
 
 
Figure A-2. Permeability maps and flow path distributions evaluated for (a) squared-shaped 
fracture network and (b) circle-shaped fracture network. Model number of the stochastic 
equivalent discrete fracture network is Network 08.  
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Figure A-3. Permeability maps and flow path distributions evaluated for (a) squared-shaped 
fracture network and (b) circle-shaped fracture network. Model number of the stochastic 




Figure A-4. Permeability maps and flow path distributions evaluated for (a) squared-shaped 
fracture network and (b) circle-shaped fracture network. Model number of the stochastic 
equivalent discrete fracture network is Network 14.  
 
In order to quantitatively compare the fluid flow characteristics of these fracture networks, 
the permeability of the fracture network and the flowing fluid existing volume are evaluated for 
each simulation and summarized in Table A-1. It is indicated that, for the respective model, the 
permeability of the fracture network and the flowing fluid existing volume calculated for the 
square-shaped fracture network are quite similar to those calculated for the circle-shaped 
fracture network. These results suggest that the fluid flow characteristics of fracture networks 
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can be also evaluated quantitatively by using whether the square-shaped fracture network or the 
circle-shaped fracture network. Thus, it is revealed that the shape of rock fracture can be 
represented by both square and circle in evaluating the fluid flow characteristics of a rock 
fracture network. In other words, the validity of the present study, where the rock fractures are 
represented by squares of various scales, is clarified. 
 
Table A-1. Permeabilities of the fracture networks and flowing fluid existing volumes evaluated 
for squared-shaped fracture network and circle-shaped fracture network.  
 
 
Appendix 5-B. Change in the fluid flow characteristics of a fracture network depending on 
the aperture distributions of individual fractures. 
In the present study, when the fracture scale and the shear displacement are specified for a 
fracture, heterogeneous aperture distribution of the fracture is determined uniquely. However, 
the heterogeneous aperture distribution indeed varies depending on a series of uniform random 
number, R1, which is defined in Eq (A8) in Chapter Ⅲ, even though the fracture scale and the 
shear displacement are specified. Therefore, it is essential to clarify whether the fluid flow 
characteristics of a fracture network can be evaluated by using a specific series of aperture 
distributions or not.  
For this clarification, the fracture network which has the same fracture distribution (center 
coordinates, orientations, and scales of the individual fractures) with that of the aforementioned 
Network 08 is used herein. In this study, the shear displacement of 4×10
-3
 (0.4%) is assumed for 
the critically-stressed fractures. Then, 5 sets of stochastic equivalent heterogeneous aperture 
distributions of rock fractures of various scales are numerically determined (Aperture 
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distribution 01, Aperture distribution 02, Aperture distribution 03, Aperture distribution 04, and 
Aperture distribution 05). By considering each set of aperture distributions for the rock fracture 
network, 5 kinds of discrete fracture networks are created. For the respective fracture networks, 
unidirectional fluid flow simulations in the direction of x-axis are conducted. Boundary 
condition for the unidirectional fluid flow simulation is shown in Figure 5-6a, and the 
differential pressure, ΔP, is set to 0.1 MPa. 
As a result of the fluid flow simulations, the permeability maps and flow path distributions 
evaluated for 5 kinds of fracture networks are shown in Figure A-5. With respect to the 
permeability maps, it can be found that the distribution of highly-permeable zone within the 
fracture network varies on a detail depending on the heterogeneous aperture distributions of 
individual fractures. In contrast, appearances of flow path distributions evaluated for the 5 kinds 
of fracture networks are remarkably alike in each other. These results indicate that the fluid flow 
characteristics of fracture networks can be evaluated qualitatively by using representative 




Figure A-5. Permeability maps and flow path distributions evaluated for the fracture network 
(aforementioned Network 08) where the model number of heterogeneous aperture distributions 
is (a) Aperture distribution 01, (b) Aperture distribution 02, (c) Aperture distribution 03, (d) 
Aperture distribution 04, and (e) Aperture distribution 05.  
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Figure A-5. (Continued) 
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In order to quantitatively compare the fluid flow characteristics of these fracture networks, 
the permeability of the fracture network and the flowing fluid existing volume are evaluated for 
each simulation as well and summarized in Table A-2. This table indicates that the permeability 
of the fracture network and the flowing fluid existing volume calculated for the fracture 
networks with different aperture distributions are almost all constant regardless of the aperture 
distributions of individual fractures.  These results suggest that the fluid flow characteristics of 
fracture networks can be evaluated quantitatively by using representative aperture distributions. 
Thus, the validity of the present study, where the representative heterogeneous aperture 
distributions of rock fractures are used in evaluating the fluid flow characteristics of a rock 
fracture network, is also demonstrated.  
 
Table A-2. Permeabilities of the fracture networks and flowing fluid existing volumes evaluated 








In the present study, a novel method to analyze and predict three dimensional (3-D) 
channeling flow in actual fractured reservoirs is developed, where both experimental and 
numerical approaches are coupled. By using the novel method, the characteristics and impacts 
of the 3-D channeling flow in fractured reservoirs are revealed.  
In Chapter Ⅱ, a fluid flow experiment on a cylindrical granite sample containing two 
intersecting fractures are conducted. The experimental result demonstrates that 3-D channeling 
flow must be considered to interpret fluid flow even in the simplest fracture network. To 
simulate 3-D channeling flow within rock fracture networks, a novel discrete fracture network 
(DFN) model simulator, GeoFlow, is developed, where rock fractures are modeled by pairs of 
rough fracture surfaces having heterogeneous aperture distributions. As GeoFlow successfully 
reproduced the experimental result, which is characterized by considerably uneven fluid flows, 
the significant potential of GeoFlow to predict 3-D channeling flow in a fracture network is 
revealed. 
In Chapter Ⅲ, insight into the scale dependencies of the aperture distribution and the 
resulting fluid flow characteristics for rock fractures is obtained under confining stress (up to 30 
MPa) on the basis of laboratory investigations for granite fractures with various scales. As a 
significant result, it is revealed that the contact area in the fracture plane is independent of scale. 
By combining this characteristics with the fractal nature of the fracture surface, a method for 
predicting fracture aperture distributions beyond laboratory scale is developed. In this method, 
the aperture distribution of a fracture of any size can be predicted by simply placing the two 
fractal fracture surfaces in contact so that the fracture has the scale-independent contact area. 
The validity of the proposed method was revealed through the reproduction of the results in a 
laboratory investigation and the maximum aperture-fracture length relations, which have been 
reported in the literature, for natural fractures (i.e., joints and faults).  
In Chapter Ⅳ, aperture distributions and fluid flows are numerically determined for rock 
fractures with various combination of fracture scale and shear displacement by using the 
prediction method of fracture aperture distributions beyond laboratory scale, which is developed 
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in Chapter Ⅲ. Through evaluating the aperture distributions and fluid flows, fluid flow 
characteristics of subsurface rock fractures under confining stress (up to ~ 100 MPa) are 
revealed as followings; flow area within a fracture plane is limited to 5-25% regardless of 
fracture scale (m), l, or shear displacement (m), δ, since preferential flow paths are consistently 
formed within subsurface rock fractures (i.e. channeling flow). Furthermore, mean aperture 
(mm), em, and permeability (m
2
), k, of rock fractures are respectively formulated as 
  60.066.0)1042.1( LLemean   and  
21.143.16 )1066.2( LLk   , which can 
reproduce the mean apertures and permeabilities of real fractures. These universal modeling 
enable us to construct DFNs of a fractured reservoir for GeoFlow simulation.  
In Chapter Ⅴ, realistic DFN models, where heterogeneous aperture distributions are 
given for individual fractures depending on their scale and shear displacement under confining 
stress, are created for an actual fractured reservoir (i.e. the Yufutsu oil/gas field) and fluid flows 
in the reservoir are simulated. Through a series of the fluid flow simulations, it is revealed that 
the reality of fluid flow within a fractured reservoir is 3-D channeling flow, which should be 
considered for predicting the optimum well locations for a fractured reservoir. Specifically, 
three order of magnitude difference in the productivities between the neighboring two wells, 
which is indeed observed in the Yufutsu field, is reproduced successfully for the first time by 
considering the occurrence of the 3-D channeling flow. Furthermore, it is revealed that we can 
now map the realistic flow path distribution (i.e. 3-D channeling flow) with GeoFlow, as long as 
highly-reliable discrete fracture networks are created for a fractured reservoir on the basis of 
3-D seismic data, crustal stress data, and so on.  
Thus, a novel method to analyze and predict 3-D channeling flow in actual fractured 
reservoirs is established and our understandings of fluid flow characteristics (i.e. 3-D 
channeling flow characteristics) in fractured reservoirs are significantly promoted due to the 
method. Considering the practicality of our suggested method, it is desirable that the method 
will be applied to fractured reservoirs of various fields hereafter. If such results are accumulated, 
our understandings for 3-D channeling flow in fractured reservoirs are further advanced. 
Moreover, as a result, we will be able to predict the location of highly-productive well with 
significantly high reliability. In the future, it is also desirable that the following relationships are 
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clarified; (1) 3-D channeling flow and heat extraction, (2) 3-D channeling flow and multi-phase 
flow and transport process, and (3) 3-D channeling flow and mechanisms of induced seismicity 
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